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Discrimination of Human and Non-Human Sources of Pollution in Gulf of Mexico
Waters by Microbial Source Tracking Methods and the Investigation of the Influence of
Environmental Factors on Escherichia coli Survival
Asja Korajkic
ABSTRACT

Water quality worldwide is assessed by enumeration of fecal indicator bacteria
(FIB) (fecal coliforms, Escherichia coli, and enterococci) intended to act as surrogates for
human enteric pathogens. In environmental waters, this predictive relationship is
confounded by many possible sources of FIB with varying implications for human health.
Many physico-chemical and biological factors influence the fate of enteric pathogens and
FIB in aquatic habitats, but are poorly understood, thus limiting our understanding of the
usefulness of FIB as fecal pollution indicators.
These studies explored the field application of a “toolbox” approach to microbial
source tracking (MST) intended to discriminate between human and non-human fecal
pollution: a) in a Florida estuary used for shellfishing and recreational activities and b) at
public beaches before and after remediation of wastewater infrastructure. Lastly, the
effects of environmental factors (sediments, protozoa, sunlight) on survival of culturable
E. coli were investigated in freshwater and seawater mesocosms simulating
environmental conditions.
viii

Detection of a human- associated MST marker (the esp gene of Enterococcus
faecium) at sites with suspected sewage contamination indicated that human fecal
pollution is impacting water quality in Wakulla County, while Lagrangian drifters
designed to follow current and tidal movement suggested that local hydrology plays an
important role in bacterial transport and deposition pathways.
Elevated FIB concentrations and frequent detection of human-associated MST
markers (esp and human polyomaviruses) identified human sewage pollution at a public
beach, facilitating remediation efforts (sewage main repair, removal of
portable/abandoned restrooms), followed by significant decreases in FIB concentrations
and MST marker detection. These studies show that comprehensive microbial water
quality assessment can reliably identify contamination sources, thereby improving
pollution mitigation and restoring recreational water quality.
Protozoan predation, freshwater vs. seawater habitat and sediment vs. water
column location affected the concentration of culturable E. coli in outdoor mesocosms.
Sediments offered a refuge from predation where freshwater vs. seawater habitat was
amore important determinant of survival. These findings provide important insight into
the ecology of E. coli and their natural predators in aquatic habitats and underscore the
inherent effect different habitats play in their survival.

ix

CHAPTER ONE – BACKGROUND AND OVERVIEW OF RESEARCH

Introduction
Monitoring ambient water quality
Human fecal pollution of environmental waters used for recreational purposes,
shellfish harvesting, or as a source of drinking water supply can pose a serious threat to
public health. While risks from animal fecal pollution are not insignificant, as evidenced
by incidences of zoonotic diseases (Craun, 2004; Graczyk et al., 1998; Leclerc et al.,
2002; Pacha et al., 1988), the high degree of host association of viral pathogens increases
the risk of illness following exposure to waters contaminated with human sewage (Haile
et al., 1999; Wade et al., 2003). Testing environmental waters directly for the presence
of all waterborne pathogens is currently unfeasible due to: a) broad phylogenetic diversity
(encompassing bacterial, viral and protozoan groups), b) overwhelming number of
organisms from each group, and c) the lack of appropriate, sensitive and cost/time
effective methodology (Field & Samadpour, 2007). Instead, fecal indicator bacteria (FIB)
are used globally as surrogates for waterborne pathogens, and their concentrations are
intended to act as a gauge of microbial contamination of recreational waters. According
to the early and antiquated definition of FIB paradigm, indicator organisms should have
similar survival time and transport characteristics in the environment compared to that of
pathogens, and their only source would be human fecal pollution (Bonde, 1977). The
failure of FIB to adhere to these characteristics can lead to “false negatives” where FIB
1

are absent but pathogens are present, and “false positives” where FIB are present but
pathogens are absent. The former case scenario is a threat to public health, as it may
allow human exposure to pathogens, while the latter causes economic hardships in
coastal communities through potentially unnecessary beach and shellfish harvesting area
closures. A proposal for the revision of the FIB paradigm, reflecting among other things
the fact that some recreational waterborne infections are not gastrointestinal and that
many waterborne pathogens are actually zoonotic agents, was published recently (Boehm
et al., 2009). Briefly, it was suggested that improved FIB standard needs to: a) account
for the additional source types (urban run-off and animal feces) as opposed to only one
(municipal wastewater) addressed in the early version and b) take into consideration a
more detailed categorization of watersheds (temperate fresh, temperate marine, tropical
fresh and tropical marine) in contrast to relatively narrow division into freshwater and
marine waters (Boehm et al., 2009). Proposed revisions to the FIB paradigm also
stipulate the necessity for epidemiological studies in the above mentioned types of
watersheds and during exposure to urban run-off and animal feces (Boehm et al., 2009).
Coliform bacteria (comprised of facultatively anaerobic, gram negative, non-spore
forming, rod-shaped, lactose-fermenting organisms) have a long history of employment
as indices of drinking water quality (Leclerc et al., 2001). Members of the total coliform
group furthermore produce gas from lactose fermentation at 35ºC and include
Escherichia, Klebsiella, Enterobacter and Citrobacter spp. (American Public Health
Association, 1999; Orskov, 1981). Today total coliform analyses are predominantly used
for the assessment of drinking water quality and the integrity of drinking water
distribution systems (American Public Health Association, 1999).
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Currently used FIB for recreational water quality assessment include the fecal
coliform group, Escherichia coli, and enterococci (Enterococcus species) (American
Public Health Association, 1999; United States Environmental Protection Agency, 2002a;
United States Environmental Protection Agency, 2002b). Fecal coliforms are a thermotolerant subgroup of the coliforms, growing well at 44.5º C (American Public Health
Association, 1999; Orskov, 1981). Fecal coliforms include most Escherichia coli strains
and certain strains of Klebsiella spp., although the latter (along with some Citrobacter
and Enterobacter spp.) have been associated with discharges from paper, pulp and textile
mills (Gauthier et al., 2000; Dufour & Cabelli, 1976; Caplenas et al., 1981). The ability
of E. coli to hydrolyze 4-methylumbelliferyl- • - D- glucuronide (MUG) to yield a
fluorogenic product is an important phenotypic trait used to differentiate it from
Klebsiella spp. and other thermotolerant coliforms (Feng & Hartman, 1982; Hajna &
Perry, 1943).
Enterococci are Gram positive cocci arranged in pairs or chains that are catalase
negative, strictly fermentative organisms capable of growth over wide pH (4.5-10) and
temperature (10ºC- 45ºC) ranges and elevated salt concentrations (10% NaCl).
Enterococci were formerly classified as Lancefield group D streptococci based on the
serology of cell wall antigens, until genetic analysis merited placing these organisms into
a separate genus (Schleifer, 1984). Ability to grow in 6.5% NaCl and hydrolysis of
esculin in the presence of bile are two important characteristics that are used to
distinguish Enterococcus spp. from Streptococcus spp. (Facklam et al., 1974).
As inadequacies of currently recognized FIB for predicting the presence of human
enteric pathogens have been recognized (see further discussed below), alternative
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indicators were proposed, including anaerobic, endospore-forming Clostridium
perfringens and bacteriophages (Bisson & Cabelli, 1980; Gantzer et al., 1998; Payment
& Franco, 1993; Fujioka & Shizumura, 1985). Resistance to environmental stress,
prolonged survival time in the environment compared to FIB and pathogens, and broad
host distribution indicate that C. perfringens is at best a conservative indicator of past
sewage or recent contamination events (Davies et al., 1995; Desmarais et al., 2002;
Horman et al., 2004; Medema et al., 1997; Sorensen et al., 1989). Bacteriophages
(including F-specific RNA coliphage and Bacteroides fragilis HSP40 phage) have been
shown to be better predictors of enteric virus survival in the environment than FIB
(Chung & Sobsey, 1993; Havelaar & Pothogeboom, 1988; Sinton et al., 2002; Tartera et
al., 1988) due to their structural similarities (e.g. comparable size, shape and genomic
configuration) (Havelaar & Pothogeboom, 1988) and host specificity (Dutka et al., 1987;
Leclerc et al., 2000; Tartera & Jofre, 1987; Tartera et al., 1989). However, limited
distribution in sewage and complex methodology have restricted widespread application
of bacteriophages as indices of human fecal pollution (Griffith et al., 2003; Leclerc et al.,
2000; Scott et al., 2002; Noble et al., 2003a)
Enteroviruses and Salmonella spp. are two common enteric pathogens, identified
as a cause of numerous waterborne gastroenteritis cases (Angulo et al., 1997; Centers for
Disease Control and Prevention, 2004; Centers for Disease Control and Prevention, 2008;
O'Reilly et al., 2007; Clark, 1996; Schuster et al., 2005; Amvrosieva et al., 2006). Both
have been isolated from the water column of ambient fresh and marine waters (Catalao
Dionisio et al., 2000; Fuhrman et al., 2005; Gersberg et al., 2006; Gregory et al., 2006;
Schets et al., 2008; Touron et al., 2007), and Salmonella spp. are frequently recovered
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from sediments (Craig et al., 2003; Obiri-Danso & Jones, 1999; Pommepuy et al., 1992;
Fish & Pettibone, 1995). Studies assessing the ability of FIB to predict pathogen presence
(including Salmonella spp. and enteroviruses) found a striking lack of predictive
relationship (Craig et al., 2003; Obiri-Danso & Jones, 1999; Pommepuy et al., 1992; Fish
& Pettibone, 1995; Horman et al., 2004; Leclerc et al., 2001; McFeters et al., 1974;
Fremaux et al., 2009; Lipp et al., 2001; Dorner et al., 2007; Goyal et al., 1979).
While E. coli may not be an ideal FIB, it is important to recognize the important
role it serves as a model organism, broadening our knowledge and understanding of
genetics and evolution in prokaryotes. It is not just an indicator of fecal pollution.
Throughout the years, E. coli was used to demonstrate horizontal gene transfer by
conjugation (Lederberg, 1946a; Lederberg, 1946b), in studies of phage genetics (Nomura
& Benzer, 1961; Benzer & Champe, 1961), and in the experiments on the gene
topography which were instrumental in the understanding that genes are linear structures
(Benzer, 1961). The pioneering work of Richard Lenski on evolution that involved
tracking phenotypic and genotypic changes in 12 populations of E. coli since 1988 (and is
still ongoing) is important in understanding adaptation of organisms to a variety of
environmental conditions (Ostrowski et al., 2008; Philippe et al., 2009; Bennett &
Lenski, 2007; Sleight et al., 2008; Blount et al., 2008).
Comparison of 16S rRNA gene sequences showed that E. coli is 95.4 – 97.4 %
and 99.6 – 99.9 % identical to Salmonella and Shigella spp., respectively (Fukushima et
al., 2002). Sequence analysis from other genes led to the proposal that Shigella spp.
represent an E. coli lineage that diverged fairly recently due to the high degree of
relatedness between them (Pupo et al., 2000; Wang et al., 2001). These findings suggest
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that the utility of E. coli as a model organism can be extended to studies of
Enterobacteriacaeae pathogen ecology in aquatic habitats, particularly if a variety of E.
coli strains are used to avoid over-generalization from one lineage of this rather diverse
species.
Development of current regulatory standards
The first documented record that identifies contaminated drinking water supply as
a source for waterborne pathogens dates back to mid 19th century London, when John
Snow established that the cholera epidemic was spread by drinking water polluted by
human sewage (Snow, 1855). Shortly thereafter, Von Fritsch linked Klebsiella spp. to
human sewage (Wolf, 1972) and Theodor Escherich described his discovery of Bacillus
coli (now known as Escherichia coli) in fecal microbial flora of infants (Escherich,
1855). Around the same time, the first treatment processes that attempted to improve
drinking water safety began, all prior treatments focused on improving palatability only
(Anonymous, 1910; Frankland, 1896; Santo Domingo, 2008). In 1914, U.S. Public
Health Service (USPHS) recommended total coliforms as the first standard for drinking
water quality and safety, which started the era of using coliform bacteria as indicators of
human fecal pollution (Leclerc et al., 2001). In subsequent decades, the recurrent
isolation of coliforms (including E. coli) and enterococci from variety of sources (Harris,
1932; Ostrolenk & Hunter, 1946; Ostrolenk et al., 1947; Perry & Bayliss, 1936), and
their broad host distribution led to a discussion of the usefulness of these FIB as
indicators of human fecal pollution (Elliot, 1961; Perry & Bayliss, 1936; Wolf, 1972).
Different ratios of fecal coliforms compared to fecal streptococci (FC/FS ratio)
isolated from feces of humans and animals led to the proposal of using the FC/FS ratio as
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a tool to distinguish different sources of fecal pollution (Geldreich & Kenner, 1969;
Litsky et al., 1955; Litsky et al., 1953; Varga & Anderson, 1968). Ratios of 4.0 or higher
were thought to be indicative of human fecal pollution, while ratios of 0.7 or lower
signified that the pollution source was of animal origin (Geldreich, 1976). Numerical
values were refined later to include mixed sources of pollution, represented by FC/FS
ratios between 0.7 and 4.0 (Geldreich, 1976). Additional research discredited FC/FS
ratios as it was shown that the proposed ratios are not consistent in human and animal
feces (Pourcher et al., 1991; Devriese et al., 1994; Howell et al., 1995) and that
differential survival of FIB complicates its interpretation (Doran & Linn, 1979; Mara &
Oragui, 1981; McFeters et al., 1974; Anderson et al., 1997).
None of the recommendations described thus far are part of the federally
mandated regulatory framework. The legislative acts in the United States that recognized
the need for monitoring and improving water quality started with the passage of the Clean
Water Act (CWA) by Congress in 1972. The intention of the CWA was to regulate
pollutant discharges to surface waters, with the broader scope of attempting to restore the
nation’s waterways to their designated use (e.g. fishing, primary body contact
recreational use). In 1974, the Safe Drinking Water Act (SDWA) was passed with the
intent to protect public health by regulating the nation’s drinking water supply.
Subsequent amendments to the CWA and SDWA (most notably in 1986 and 2000)
recognized the importance of protecting the source waters used for drinking water supply
(e.g. rivers, lakes, reservoirs).
In 1986, the United States Environmental Protection Agency (US EPA) published
Ambient Water Quality Criteria for Bacteria, which recommended testing for E. coli and
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enterococci, in freshwater and estuarine/marine recreational waters, respectively (United
States Environmental Protection Agency, 1986). Per this document, current federally
regulated limits for FIB in ambient waters are based on the acceptable risk of eight
gastrointestinal illnesses per 1000 swimmers following exposure (United States
Environmental Protection Agency, 1986). In freshwater, regulatory limits expressed as
geometric means (applicable only to scenarios where at least five samples are collected
from a specified site per month) are 126 and 33 colony forming units (CFUs) per 100 ml
of sample for E. coli and enterococci, respectively (United States Environmental
Protection Agency, 1986). In cases where fewer samples are collected, a one time sample
maximum limit applies (235-575 CFU/100 ml for E. coli and 61-151 CFU/100 ml for
enterococci) where the limit is determined by the levels of beach usage (United States
Environmental Protection Agency, 1986). In marine waters, only enterococci are
recommended with the acceptable geometric mean of 35 CFU/100 ml and one time
sample maximum range of 104-501 CFU/100 ml (United States Environmental
Protection Agency, 1986). Wade et al. provided a systematic review and meta-analysis of
published epidemiological, with the aim of quantifying the association between FIB
concentrations and GI illness, as well as the potential for GI illness when FIB are below
regulatory limits (Wade et al., 2003). Their findings support the use of current E. coli and
enterococci guidelines for freshwater and marine waters, respectively. The State of
Florida also monitors fecal coliform concentrations in fresh and marine waters, with
limits set not to exceed 400 CFU/100 ml in 10.0% of samples collected from the same
site, or a geometric mean limit of 200 CFU/100 ml (Florida Administrative Code, 1998).
The National Shellfish Sanitation Program (NSSP) specifies acceptable levels of fecal
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coliforms in ambient waters used for shellfish harvesting as 14 and 43 CFU/100 ml, for
geometric mean and one time sample maximum, respectively (National Shellfish
Sanitation Program, 2003).
Additional regulations issued by US EPA (in 1985 and 1992) supplemented the
CWA by adding Total Maximum Daily Load (TMDL) requirements. Essentially, TMDL
provisions require each state to develop a loading estimate for each monitored pollutant
for every watershed that is failing to meet water quality standards for its designated use.
The Beaches Environmental Assessment and Coastal Health (BEACH) Act of 2000
further amended the Clean Water Act by establishing a national standard for monitoring
and reporting FIB concentrations (pertaining to states with coastal recreational waters and
Great Lakes region) and mandating state-coordinated monitoring programs.
Due to the nature of current testing methods that measure culturable FIB
concentrations there is at least a one-day delay between collecting a sample and reporting
the results. In turn, this delays the posting of warnings at sites with failing water quality
which would alert the public that water quality and safety is compromised. This
disconnect resulted in a lawsuit against US EPA brought by the Natural Resources
Defense Council (NRDC), the National Association of Clean Water Agencies
(NACWA), and the Los Angeles County Flood Control District. According to the terms
of the settlement reached between the US EPA and the plaintiffs in 2008, US EPA is
responsible for conducting epidemiological studies in coastal recreational waters
followed by development of new, more rapid methodology (based on those studies) and
promulgating a revised rule by 2012 (NRDC v. Johnson, 2008). The new criteria would

9

act to replace the existing recommendations from 1986 Ambient Water Quality Criteria
for Bacteria document.
Environmental factors that affect FIB survival in water bodies
The validity of use of FIB as surrogates for human enteric pathogens has been
under debate for the better part of the 20th century and is still ongoing (see “Monitoring
ambient water quality” above) and was recently summarized in several publications
(Ashbolt, 2001; Craig et al., 2003; Field & Samadpour, 2007; Leclerc et al., 2001;
Savichtcheva & Okabe, 2006). A major argument is that the current regulatory standards
do not adequately protect human health, due mainly to the differences in survival and
transport characteristics between FIB and pathogens, particularly protozoa and viruses.
For example, recorded waterborne outbreaks of gastroenteritis caused by
Cryptosporidium spp. following ingestion of potable water that complied with regulatory
guidelines (Casemore, 1990; Meinhardt et al., 1996; Goldstein et al., 1996; Mackenzie et
al., 1994) emphasize the inadequacy of FIB to consistently predict the presence of
protozoan pathogens. A similar lack of correlation between FIB and enteric viruses was
observed for the finished product of drinking water treatment plants (Payment et al.,
1985), final effluents of wastewater treatment plants (Tyrrell et al., 1995) and reclaimed
water (Harwood et al., 2005) underlining the deficiencies of FIB as surrogates for viral
pathogens. Furthermore, the beneficial role of sediments and aquatic vegetation as a
refuge and a potential reservoir, as well as the differential survival ability of some FIB
subtypes can affect their survival in the aquatic environments, potentially contributing to
disconnect with the enteric pathogens.
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Extended survival of FIB in the environment due to attachment to particles was
recognized decades ago (Allen et al., 1953; Bonde, 1967; Gerba & McLeod, 1976;
Rittenberg et al., 1958; Savage, 1905; Van Donsel & Geldreich, 1971). Sediments and
soils have been implicated as a reservoir for FIB in a variety of climates, including
temperate (Byappanahalli et al., 2003a; Byappanahalli et al., 2006; Fazi et al., 2008; Ishii
et al., 2007; Ishii et al., 2006a; Kinzelman et al., 2004; LaLiberte & Grimes, 1982; ObiriDanso & Jones, 1999; Tunnicliff & Brickler, 1984; Whitman et al., 2003), subtropical
(Anderson et al., 2005; Buckley et al., 1998; Desmarais et al., 2002; Hartz et al., 2008;
Solo-Gabriele et al., 2000), tropical (Byappanahalli & Fujioka, 2004; Byappanahalli &
Fujioka, 1998) and even Antarctica (Edwards et al., 2009).
The trend for elevated FIB concentrations in sediments has been shown for
different freshwater environments including streams (Buckley et al., 1998; Byappanahalli
et al., 2003a; Byappanahalli & Fujioka, 2004; Byappanahalli & Fujioka, 1998), rivers
(Fazi et al., 2008; Obiri-Danso & Jones, 1999; Savage, 1905; Tunnicliff & Brickler,
1984), and lakes (Byappanahalli et al., 2006; Doyle et al., 1992; Ishii et al., 2007; Ishii et
al., 2006a; Kinzelman et al., 2004; LaLiberte & Grimes, 1982; Pote et al., 2009).
Retention of FIB in sediments was also documented for estuarine, tidally influenced
systems (Allen et al., 1953; Catalao Dionisio et al., 2000; Craig et al., 2004; Desmarais et
al., 2002; Shiaris et al., 1987; Solo-Gabriele et al., 2000), as well as marine beaches
(Bonde, 1967; Bonilla et al., 2007; Davies et al., 1995; Ferguson et al., 2005; Gerba &
McLeod, 1976; Lee et al., 2006; Rittenberg et al., 1958).
In aquatic environments, organisms can exist either as free-floating, planktonic
cells, or attached to particles. While the degree of the attachment is dependent on surface
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properties of organisms and particles, attachment has been observed for E. coli in a
variety of environments (Weiss, 1951; Pommepuy et al., 1992; Auer & Niehaus, 1993;
Garcia-Armisen & Servais, 2009). A positive correlation (by linear regression) between
the settling rate of particle-associated E. coli and suspended matter concentration was
noted in instances where suspended matter content of the water was below 50 mg/L;
conversely waters with higher suspended matter concentration (> 50 mg/L) followed a
more constant sedimentation pattern (Garcia-Armisen & Servais, 2009). Attachment of
FIB to particles and subsequent sedimentation play an important role, because it allows
sediments to act as a reservoir from which FIB can be re- suspended, ultimately resulting
in increased FIB concentrations in the overlying water column.
Resuspension of FIB from sediments into the water column in the shallow,
interstitial surf zone has been studied, because this region is the most susceptible to shear
forces, tidal influences, and disturbances due to anthropogenic activity. Tidal patterns and
wave action were found to be two factors governing resuspension of E. coli and
enterococci from marine beach sediments into the overlaying water column (Boehm &
Weisberg, 2005; Bonilla et al., 2007; Desmarais et al., 2002). A similar situation was
noted for freshwater lakes, where resuspension of E. coli from sediments into the water
column via wave action was the main factor impacting beach water quality at Lake
Michigan and Lake Superior (Kinzelman et al., 2004; Ishii et al., 2007). Estuarine and
coastal waterways follow the same general trend, where high E. coli concentrations were
observed in the river bank soils, from which they were shown to be resuspended and
washed into the water column during high tide and after storm events (Solo-Gabriele et
al., 2000).
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Studies conducted in mesocosms that enumerated FIB from both freshwater and
estuarine/saltwater environments recorded extended survival of FIB over time in
sediments compared to the water column (Anderson et al., 2005; Craig et al., 2004;
Davies et al., 1995; Desmarais et al., 2002; Pote et al., 2009; Gerba & McLeod, 1976). .
Culturable FIB in sediments persisted for more than four weeks in experiments incubated
under artificial conditions in laboratory studies (Craig et al., 2004; Davies et al., 1995;
Desmarais et al., 2002; Gerba & McLeod, 1976; Pote et al., 2009) as well as in
mesocosms exposed to ambient conditions (Anderson et al., 2005). FIB concentrations in
sediments tend to be 1-3 orders of magnitude higher than in the water column (Bonilla et
al., 2007; Hood & Ness, 1982; Shiaris et al., 1987; Kinzelman et al., 2004; Solo-Gabriele
et al., 2000), and generally exhibit slower decay rates than organisms in the overlaying
water column (Garcia-Armisen & Servais, 2009; Anderson et al., 2005).
Despite the fact that consistently higher FIB concentrations are routinely
recovered from sediments, monitoring sediments is not a part of the regulatory
framework in any country and guidelines for FIB concentrations in sediments do not
exist. The importance of sediments as reservoirs for FIB and pathogens was illustrated in
a recent epidemiological study that investigated the risk of illness following exposure to
sand at beaches across the U.S. (Heaney et al., 2009). A significant positive association
was found between exposure to sand and incidence of gastroenteritis and diarrhea; the
same relationship was not observed for non-gastrointestinal illnesses (Heaney et al.,
2009; Bonilla et al., 2007).
High FIB concentrations were also associated with the green macro-alga
Cladophora in freshwater areas where abundance of these algal species leads to
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accumulation on the shorelines, which presents a beach management problem
(Byappanahalli et al., 2009; Byappanahalli et al., 2003b; Byappanahalli et al., 2007;
Heuvel et al., 2010; Ishii et al., 2006b; Whitman et al., 2003). Laboratory studies showed
that algal leachate was capable of supporting in vitro multiplication of E. coli
(Byappanahalli et al., 2003b), and that both E. coli and enterococci can survive on dried
algal mats for up to 6 months (Byappanahalli et al., 2003b; Whitman et al., 2003). In a
freshwater habitat, E. coli concentrations in water underlying the mat were significantly
higher compared to the surrounding water, and a significant positive correlation was
found between E. coli concentrations attached to Cladophora and in underlying water
(Heuvel 2010). These results suggest that algae can act as sources from which FIB can
enter surrounding waters, potentially having a negative impact on recreational water
quality.
Phylogenetic relationships of E. coli and Salmonella spp. isolates from
Cladophora were assessed by fluorophore enhanced rep-PCR (HFERP) fingerprinting
(Byappanahalli et al., 2009; Byappanahalli et al., 2007). Genetic distinctness of algal
isolates as compared to other sources suggests that certain sub-populations may be
adapted to survival in these mats and as such can present a recurring source of FIB and
pathogens to nearby beaches (Byappanahalli et al., 2009; Byappanahalli et al., 2007).
Isolation of other bacterial pathogens from the same mats, including Shiga toxinproducing E. coli (STEC), Shigella spp., and Campylobacter in 25%-100% of samples
analyzed confirms the ability of Cladophora to harbor pathogenic organisms and
demonstrates that at least some aspects of the FIB and pathogen behavior in the
environment are similar (Ishii et al., 2006b).
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A mesocosm study investigating changes in population structure of E. coli
(determined by ribotyping) from varying sources (dog feces, sewage, and contaminated
soil) over time in fresh and salt water found that some strains exhibited differential
survival, as evidenced by prevalence of some subtypes and disappearance of others in the
later stages of the study (Anderson et al., 2005). A similar scenario was noted in soils,
where a strain-dependent response to soil composition (loam or sandy soil supplemented
with swine manure slurry) was observed. An increase in abundance of some E. coli
strains (and decrease of others) illustrated differential survival (strain-dependent survival
ability) (Topp, 2003).
According to the FIB paradigm, the human gastrointestinal (GI) tract is a primary
habitat for these organisms, while all other environments in which they are eventually
deposited would be secondary habitats. Significantly lower strain diversity in E. coli
septic tank populations (secondary habitat), compared to their primary habitat (human
feces) was observed in a study investigating the genetic structure of E. coli populations
from two different habitats (Gordon et al., 2002). Furthermore, isolates from secondary
habitat grew better at lower temperatures compared to the human isolates, while the
opposite was true for fecal isolates (Gordon et al., 2002). These results indicate that some
E. coli strains are better equipped than others for survival in secondary habitats (Gordon
et al., 2002). Phenotypic and genotypic distinctness of E. coli strains responsible for fecal
coliform blooms in two Australian lakes was observed, where all bloom strains shared a
group 1 capsule type and the capsule-encoding cps locus was genetically distinct from E.
coli strains isolated from vertebrates (Power et al., 2005). The physiological and genetic
distinctness of bloom strains indicates the potential for developing and/or acquiring traits
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that have an adaptive advantage for E. coli in secondary habitats, in this case aiding their
survival and persistence in aquatic environments (Power et al., 2005).
The ability of some FIB strains to survive in secondary habitats better than other
strains underlines the complex relationships that these organisms have with each other
and with their environment. When combined with the wide distribution and lack of host
specificity, differential survival even further confounds the already imperfect FIB
paradigm.
Factors limiting FIB survival in the environment
Several parameters are responsible for the decline of FIB concentrations in the
environment, and can be broadly divided into biotic and abiotic factors. Physico-chemical
characteristics including salinity, pH, dissolved oxygen, temperature, turbidity and
sunlight irradiation are among abiotic factors that can have detrimental effect on FIB
survival. Sunlight inactivation has received a good deal of attention as an effective
germicidal factor, since the concept was first proposed well over a century ago (Downes,
1877). After absorption of ultraviolet (UV) light by nucleic acids was discovered (Gates,
1929), considerable research efforts during the 1950’s were devoted to elucidation of the
mechanisms of UV disinfection and inactivation of microorganisms (Brandt & Giese,
1956; Dulbecco, 1950; Kelner, 1950). UV light causes damage either directly by
inducing pyrimidine dimer formation by UV-B wavelengths (280-315 nm) (Jagger et al.,
1967; Phillips et al., 1967) or indirectly through creation of highly reactive oxygen
species in a process termed photo-oxidation (Gong et al., 1988; Webb & Brown, 1979;
Webb & Lorenz, 1970). UV disinfection was reported to be somewhat more effective
against viruses and protozoa than bacteria, mainly owing to the fact that repair
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mechanisms of two former groups are not as efficient (Knudson, 1985; Linden et al.,
2001; Linden et al., 2002; Oguma et al., 2001; Rauth, 1965; Shin et al., 2001).
In ambient waters, inactivation of FIB through the germicidal effects of sunlight
has been recorded numerous times (Gameson & Saxon, 1967; Davies-Colley et al., 1994;
Fujioka et al., 1981; Fujioka & Narikawa, 1982; Fujioka & Yoneyama, 2002; Sinton et
al., 1994; Sinton et al., 1999; Solic, 1992). Sunlight inactivation of FIB in aerated
systems, such as waste stabilization ponds (WSPs), was shown to increase as DO
concentrations increased (Curtis et al., 1992; Davies-Colley et al., 1999; Davies-Colley et
al., 2003; Craggs et al., 2004; Sinton et al., 2002; Davies-Colley et al., 1997). The
proposed mechanism for the observed synergistic action between DO concentrations and
sunlight inactivation is most likely due to endogenous chemicals that act as sensitizers
when they absorb light (e.g. porphyrin derivatives, flavins, menaquinone) (Curtis et al.,
1992, Davis-Coller et al., 1999, Davis-Colley et al., 1997). Reactions between excited
sensitizer molecules and oxygen leads to formation of reactive oxygen species (singlet
oxygen, superoxide, hydrogen peroxide and hydroxyl radicals) resulting in photooxidative damage to the organism (Curtis et al., 1992, Davis-Colley et al., 1999, DavisColley et al., 1997) .
Studies comparing sunlight inactivation in fresh versus salt waters (Davies &
Evison, 1991; Fujioka et al., 1981; Fujioka & Narikawa, 1982; Fujioka & Yoneyama,
2002; Sinton et al., 1999; Sinton et al., 2002) in general found inactivation to be
significantly more pronounced in waters with higher salinity irrespective of the organism
tested. Measurements of UV absorbance in freshwater versus marine waters showed the
greater absorbance in the former, and it was attributed to higher concentrations of
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chemicals such as humic acids (Davies & Evison, 1991; Curtis et al., 1992). It is
interesting to note that an inverse relationship between fecal coliforms (including E. coli)
and salinity was observed even in the absence of sunlight (Solic, 1992; Evison, 1988),
although the magnitude of decline was not as high. In marine waters, sunlight
inactivation was reported to be considerably higher for fecal coliforms than for
enterococci (Davies-Colley et al., 1994; Sinton et al., 1994; Solic, 1992). While increased
temperature and pH have an inverse relationship with FIB survival when measured alone,
exposure to sunlight was found to exacerbate this effect, resulting in more rapid decline
of FIB (Curtis et al., 1992; Solic, 1992; Rijal & Fujioka, 2001).
Water turbidity and depth are two factors that inversely affect sunlight
inactivation of microbes. Both factors are positively correlated with absorbance, which is
the difference between the amount of light energy (measured at a specific wavelength)
that enters a sample and the amount that passes through it (United States Environmental
Protection Agency, 2006). Once absorbed, UV light loses its germicidal properties, thus
non-specific absorption (by substances other than the intended target) hinders the
efficiency of UV light disinfection. In environmental waters as well as mesocosm studies,
the depth (Davies-Colley et al., 2003; Davies-Colley et al., 2005; Fujioka et al., 1981)
and turbidity (Davies-Colley et al., 2005; Fujioka & Narikawa, 1982; Christensen &
Linden, 2003) of the irradiated water are inversely proportional to the effectiveness of
sunlight disinfection.
Interestingly, the majority of experiments examining the germicidal effect of UV
irradiation from sunlight did not include sediments in the experimental design (Curtis et
al., 1992; Davies & Evison, 1991; Davies et al., 2009; Davies-Colley et al., 1994;
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Davies-Colley et al., 1999; Fujioka et al., 1981; Fujioka & Narikawa, 1982; Fujioka &
Yoneyama, 2002; Sinton et al., 1994; Sinton et al., 1999; Sinton et al., 2002; Craggs et
al., 2004). The attachment of FIB to particulate matter and the role of sediments as a
refuge and potential reservoir of FIB have been well established. While it is exceedingly
difficult to mimic all of the environmental conditions in any experimental design,
inclusion of sediments provides more realistic data on UV inactivation of FIB in aquatic
habitats.
While sunlight inactivation of FIB is a natural, highly-cost effective process, its
efficacy is greatly dependent on numerous environmental factors including chemical
composition of the water (e.g. DO, turbidity, humic acids) as well as site-dependent
characteristics (e.g. depth and canopy cover). Furthermore, incident sunlight irradiation is
highly variable not only on the temporal scale, but on seasonal and geographic scales as
well. Sunlight inactivation is therefore variable and particularly site-specific, and as such
it does not play an equally important role in FIB inactivation in different systems.
Grazing by bacterivorous protozoa, bacteriophage infection followed by virusmediated lysis, and predation by some bacteria are among the biotic effects that exert
control over abundance of prokaryotic organisms in the environment. Predation by
bacteria has been well described for Vibrio spp., most notably Vibrio parahaemolyticus
where infection by predatory Bdellovibrio spp. has been shown to play a role in
population dynamics of these species (Sutton & Besant, 1994; Mitchell, 1971).
Bacteriophage infection affects a much wider range of bacteria, including currently used
FIB. Viral infection has been suggested as a mechanism responsible for the removal of up

19

to 50% of autochthonous bacteria from aquatic habitats (Fuhrman & Noble, 1995;
Proctor & Fuhrman, 1990; Thingstad, 2000).
The removal of bacteria in aquatic environments due to the grazing activity of
bacterivorous protozoa, which includes flagellated and ciliated organisms, has been
extensively documented (Barcina et al., 1991b; Davies et al., 1995; Enzinger & Cooper,
1976; Gonzalez et al., 1992; Hartke et al., 2002; Iriberri et al., 1994a; Iriberri et al.,
1994b; McCambridge & McMeekin, 1980a; McCambridge & McMeekin, 1980b; Menon
et al., 1996; Menon et al., 2003; Mitchell, 1971; Rhodes & Kator, 1990; Roper &
Marshall, 1978; Servais et al., 2007; Sherr et al., 1988). Some accounts show protozoan
grazing to be responsible for up to 90% of overall mortality of autochthonous organisms
and allochthonous FIB from freshwater and marine environments alike (Menon et al.,
2003; Anderson, 1986).
Mesocosm and environmental chamber based experiments documented
disappearance of E. coli in marine (Sherr et al., 1988; Gonzalez et al., 1990a; Gonzalez et
al., 1990b; Davies et al., 1995), estuarine (McCambridge & McMeekin, 1980b; Anderson
et al., 1983; Enzinger & Cooper, 1976) and freshwater environments (Simek, 1996;
Simek, 2000; An et al., 2002; Menon et al., 1996; Gonzalez et al., 1990a; Surbeck et al.,
2010; Davies et al., 1995) in the presence of protozoan predators. Only two of these
studies included sediments in the experimental design; in general clearance of E. coli was
significantly higher in the water column, suggesting that sediments offer a refuge from
predatory protozoa (An et al., 2002; Davies et al., 1995).
The abundance of heterotrophic nanoflagellates (HNFs) in lakes, river and surface
marine waters has been estimated at between 102-104 cells per ml (Boenigk & Arndt,

20

2002). While small HNFs contribute ~30% of total plankton biomass, they are extremely
important bacterial grazers, capable of consuming 75-80% of bacteria (Simek et al.,
1997). In coastal marine waters, Paraphysomonas imperforata comprised up to 98% of
plankton (Lim et al., 1999), while Spumella spp. were dominant bacterivores in
freshwater lakes (Cleven & Weisse, 2001). Larger HNFs (e.g. Kathablepharis spp.)
contributed significantly more to total biomass, but were insignificant as bacterial grazers
(Cleven & Weisse, 2001). Small ciliated protists (e.g. Cyclidium, Uronema and Halsteria
genera) are also considered to be important bacterial grazers, especially in highly
productive environments (e.g. ponds and throughout surface marine waters) (Nakano et
al., 1998; Simek, 2000; Sherr & Sherr, 1987). For example, in eutrophic freshwater lakes
the digestion rates of individual cells of Halsteria spp. were shown to be between 1580
and 3220 bacterial cells per one hour (Simek, 2000),.
Prey characteristics such as cell wall morphology and size influence the
magnitude and efficiency of protozoan grazing (Gonzalez et al., 1990b; Beardsley et al.,
2003; Matz et al., 2002; Simek et al., 1994; Verity, 1991). Reduced grazing rates on
Gram positive organisms (Staphylococcus aureus, S. epidermidis and Ent. faecalis)
compared to E. coli (Iriberri et al., 1994b; Iriberri et al., 1994a; Gonzalez et al., 1990a;
Nilsson, 1987) were observed. Protozoa also preferentially graze on larger cells (Menon
et al., 1996; Menon et al., 2003; Fenchel, 1986; Gonzalez et al., 1990b; Iriberri et al.,
1994a; Iriberri et al., 1994b; Simek et al., 1994; Anderson, 1986) and their affinity for E.
coli is two times higher than for smaller, autochthonous microorganisms (Menon et al.,
1996; Menon et al., 2003). Characteristics of predators such as physiological state
(Jurgens, 1995), life cycle stage (Fenchel, 1986; Boenigk, 2002) and size (e.g. larger
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protozoa show slower ingestion rates) (Sherr et al., 1988) were shown to play a role in
bacterivorous behavior.
Predation rates are dependent on temperature, as digestion rates increased
exponentially between 12ºC and 22ºC, for both flagellates and ciliates (Sherr et al.,
1988). A direct correlation between rates of predation and temperature was found in a
variety of environments, with more vigorous grazing and an increase in protozoan
concentrations at higher temperatures (An et al., 2002; Anderson et al., 1983; Barcina et
al., 1991a; McCambridge & McMeekin, 1980a; Sherr et al., 1988). Studies comparing
the effects of sunlight inactivation and protozoan grazing on E. coli survival rates found
that combined exposure to both resulted in significantly greater E. coli mortality than
either factor alone (McCambridge & McMeekin, 1981; Rhodes & Kator, 1990).
Importance of microorganisms in the food web
Early studies of marine ecology did not attribute a significant role to
microorganisms in aquatic food webs (Shelford, 1913; Lindeman, 1942; Paine, 1966;
Summerhayes & Elton, 1923); those early opinions gradually changed as our knowledge
and understanding of the importance of microorganisms in these systems evolved (Azam
& Ammerman, 1984; Pomeroy, 1974). The key role of microbes in ocean productivity
was not suggested until the mid 70’s (Pomeroy, 1974). Shortly after, the term “microbial
loop” was coined to describe a pathway of dissolved organic carbon (DOC) cycling in
aquatic environments that is dependent on microorganisms (Azam & Ammerman, 1984).
Predatory protozoa and their bacterial prey are both essential parts of microbial loop.
A source of debate today is the mechanism of prokaryotic biomass control in the
aquatic environments. Some authors argue for a “bottom up” approach where prokaryotic
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abundance is controlled by nutrient availability, while others propose a “top down”
approach where protozoan grazing is the limiting factor (Pace & Cole, 1994; Gasol et al.,
2002; Gasol, 1994; Thingstad, 2000; Surbeck et al., 2010; Pernthaler, 2005). Field
observations and modeling studies in both freshwater and marine environments,
suggested that “top down” control is more applicable in oligotrophic systems, while
competition for nutrients or “bottom up” control is more important in eutrophic systems
(Strom, 2000; Pace & Cole, 1994; Thingstad, 2000; Gasol, 1994; Gasol et al., 2002). A
recent California study showed that when DOC and phosphorus concentrations are below
7 and 0.07 mg/L, respectively, E. coli and enterococci reduction rates are exponential
(Surbeck et al., 2010); above these threshold concentrations, organisms either grow
exponentially or display a steady-state pattern, oscillating around some mean value
(Surbeck et al., 2010). The enterococci data from the steady-state pattern fit the LotkaVolterra predator-prey oscillation model where bacterial growth is controlled by protozoa
consumption (Surbeck et al., 2010). It is evident that the relationship between microbial
communities and their environment in aquatic ecosystems is complex and dynamic.
Generalizations about the role that any one factor plays on influencing bacterial survival
must be made cautiously, since the interplay of various biotic and abiotic factors is likely
do be dependent on site-specific characteristics.
Microbial Source Tracking (MST)
According to the US EPA’s National Summary of Impaired Waters, 39 998 water
bodies nationwide are listed as being impaired today, and “pathogens”(assessed as FIB)
are the most frequent cause of impairment (15.2%) (United States Environmental
Protection Agency, 2008). The National Resources Defense Council reported the highest
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level of beach closures and advisories in 2008 since they started tracking recreational
water quality 19 years ago (National Resource Defense Council, 2009). It is evident from
these reports that ambient water quality in the U.S. today suffers from microbial
impairments and more importantly that sources of these microbes are not well
characterized. Human sewage poses a relatively high human health risk compared to
other types of fecal contamination (Wade et al., 2003), therefore identification of
pollution sources is important. Point sources of pollution (e.g. WWTP effluents, sewage
spills) are recognized contributors to the problem, but contribution from non-point
sources (e.g. agricultural runoff, stormwater runoff) is frequently underestimated and is
considerably more challenging to manage and remediate. For example, in the beach water
quality report issued by NRDC for year 2009, approximately 36% of beach closures were
due to non-point source contamination (stormwater, surface runoff), considerably more
than point sources (e.g. sewage spills 8%) (National Resource Defense Council, 2009).
The effect of stormwater run-off and rainfall events on microbial water quality in
receiving waters has been the subject of a great deal of recent research (Ahn et al., 2005;
Brownell et al., 2007; Coulliette et al., 2009; Coulliette & Noble, 2008; Noble et al.,
2004; Noble et al., 2003b; Shehane et al., 2005; Reeves et al., 2004). Elevated FIB levels
in coastal waters of southern California and Florida, as well as shellfish harvesting areas
in a North Carolina estuary have been shown to be influenced by stormwater run-off
following periods of heavy rainfall events (Coulliette et al., 2009; Coulliette & Noble,
2008). While the impact of human sewage contamination on public health risks has been
well documented (Cabelli et al., 1979; Cabelli et al., 1982; Fleisher et al., 1996; Fleisher
et al., 1998; Silva, 2010), the effect of stormwater pollution on the risk of infection to
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recreational water users is difficult to estimate due in part to dispersal characteristics of
stormwater runoff and hydrology of the receiving waters (Ahn et al., 2005). Nonetheless,
bacterial, viral and protozoan pathogens have been detected in stormwater run-off (Ahn
et al., 2005; Selvakumar & Borst, 2006; Rajal et al., 2007; Arnone & Walling, 2006;
Ahmed et al., 2008a). The impact of stormwater runoff and rainfall events on water
quality in receiving waters is exemplified by the pre-emptive beach closures that some
states, including Florida, practice. Pre-emptive closures due to heavy rainfall accounted
for 22% of beach closures in 2008, while 73% of all beaches monitored nationwide were
closed in response to the observed exceedance of FIB regulatory standards (National
Resource Defense Council, 2009).
The ability to trace microorganisms from their ending point (e.g. water bodies or
food polluted by fecal contamination) to their point of origin would provide better
understanding of the contamination source(s) and enable more precise and timely
remediation. Microbial source tracking (MST) is a collection of methodologies that have
been developed with the aim of distinguishing contamination originating from various
fecal sources in the contaminated watersheds. For the most part, MST methods target
nonpathogenic organisms rather than pathogens, due to their prevalence in host
populations (Harwood, 2007). Since MST methods evolved largely in response to
legislative actions, such as TMDLs and the BEACH act, the use of recognized FIB as
targets in MST would be of value to water quality managers charged with identifying
fecal pollution sources in watersheds; however, many MST methods target alternative
organisms due to the lack of host specificity of fecal coliforms, E. coli and enterococci.
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Depending on the techniques used, MST methods can be broadly divided into librarydependent and library-independent.
Library-dependent methods are generally culture-based and require typing of
isolates (usually E. coli or enterococci) from fecal sources. The patterns (or fingerprints)
generated by FIB typing from known fecal sources are compared to those from ambient
(water body) samples. Based on the type of fingerprint generated, library-dependent
methods can be described as phenotypic (e.g. antibiotic resistance analysis, carbon source
utilization profiles) (Wiggins et al., 1999; Hagedorn et al., 2003; Harwood et al., 2003)
or genotypic (e.g. BOX PCR, ribotyping, pulsed field gel electrophoresis, randomly
amplified polymorphic DNA, amplified fragment length polymorphism) (Parveen et al.,
1999; Carson et al., 2003; Dombek et al., 2000; Aslam et al., 2003; Hahm et al., 2003;
McLellan et al., 2001). While earlier MST studies generally reported accurate
classification of bacteria isolated from known fecal sources into correct library categories
it was later determined that high correct classification rates were likely a result of small
library size, and not an accurate reflection of method performance (Harwood, 2007;
Stoeckel & Harwood, 2007). Other limitations of library-dependent methods were
underlined as well (such as lack of applicability across geographical and temporal scales,
and the presence of indistinguishable patterns in different source categories) (Griffith et
al., 2003; Harwood et al., 2003; Myoda et al., 2003; Field & Samadpour, 2007) and since
then, mainstream methodology has focused on library-independent assays that target a
host-associated microorganism, most frequently via PCR.
Although some library-independent methods target microorganisms associated
with animal hosts (including gull, avian, bovine, porcine and canine) (Kildare et al.,
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2007; Lu et al., 2007; Shanks et al., 2008; Ufnar et al., 2007; Weidhaas et al., 2010;
Lamendella et al., 2008) many have focused on identifying human- associated targets
(Ufnar et al., 2006; Bernhard & Field, 2000b; McQuaig et al., 2006; Scott et al., 2005;
Shanks et al., 2007; Layton et al., 2006). Most of the library-independent MST methods
do not require a culture step, extending the range of MST targets to include anaerobic
organisms that are not readily culturable (e.g. Cytophaga-Flavobacter- Bacteroides
group) but are present in the fecal matter at considerably higher concentrations than FIB
(Matsuki et al., 2002). With respect to the genetic target of the assays, most focus on the
small subunit rRNA due to the presence of highly specific regions that allow host
species-specific phylotypes to be targeted (Bernhard & Field, 2000b; Layton et al., 2006;
Matsuki et al., 2002; Lu et al., 2008). Other gene targets were also explored including
surface attachment proteins (Hamilton et al., 2006; Scott et al., 2005), methanogen
specific genes (nifH) (Ufnar et al., 2007; Ufnar et al., 2006), as well as genes with
unknown functions that were identified through a metagenomic approach (Lu et al.,
2007).
Two human associated MST markers utilized in studies described below
(Chapters two and three) target the enterococcal surface protein (esp) of Ent. faecium
(Scott et al., 2005) and a region of the conserved t-antigen of human polyomaviruses
(HPyVs) (Bofill-Mas et al., 2000). These particular markers were identified through
clinical studies investigating potential virulence mechanisms of Ent. faecium (Willems et
al., 2001; Rice et al., 2003) and diseases of the urinary tract as well as multifocal
leukoencephalopathy, a common complication in immuno-compromised individuals
(Arthur et al., 1989; Arthur & Shah, 1989). The fact that organisms carrying these genes
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are excreted in human feces (Pourcher et al., 1991; Vanchiere et al., 2005a) and urine
(Arthur et al., 1989; Vanchiere et al., 2005b), in the case of HPyVs, facilitated their use
in MST studies. Both markers were used in the past to reliably detect human sewage
(Griffith et al., 2009; Harwood et al., 2009; McQuaig et al., 2006; Ahmed et al., 2008b;
Ahmed et al., 2009; Betancourt & Fujioka, 2009; McQuaig et al., 2009).
As is the case with all MST markers, esp and HPyVs have certain advantages and
disadvantages. A major benefit of the esp marker is the fact that it is carried by an
Enterococcus spp., Ent. faecium is a representative of this regulatory-approved FIB
group, therefore its use in MST simplifies data interpretation in the context of current
regulatory guidelines. One of the drawbacks of this method is the necessity for a culturedependent enrichment step (Scott et al., 2005) that prolongs the time necessary to
perform the assay. A variant of the esp gene is present in both Ent faecium and Ent.
faecalis; however, the latter is not a proposed human MST marker, as it is present in
feces of several animal species (Hammerum & Jensen, 2002; Shankar et al., 1999) This
fact has led to some confusion in the recent literature (Whitman et al., 2007;
Byappanahalli et al., 2008), as detection of the esp marker from Ent. faecalis was
interpreted to imply lack of specificity in the Ent. faecium esp gene.
A human-specific MST marker targeting HPyVs had no cross-reactivity with
waste from other species (Harwood et al., 2009; McQuaig et al., 2006). The advantage of
the high level of host-specificity of HPyVs over other human-associated assays is that its
presence is a very reliable marker of human sewage pollution (McQuaig et al., 2009;
Harwood et al., 2009). One of the disadvantages of this method is the lack of correlation
with the concentrations of FIB (McQuaig et al., 2006).
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Recent development of MST markers and some studies of recreational water
quality have utilized the quantitative PCR approach (Field & Samadpour, 2007; Stoeckel
& Harwood, 2007; Vogel et al., 2007; Santo Domingo & Sadowsky, 2007; Shanks et al.,
2010) which bypasses agarose gel electrophoresis and provides a quantitative, rather than
presence/absence signal like end-point (conventional) PCR. While quantitative PCR is
not a novel method (Heid et al., 1996; Gibson et al., 1996; Wittwer et al., 1997; Morrison
et al., 1998), its use in water quality studies was not widespread until recently. The main
advantages of quantitative over conventional PCR is that the former allows detection of
amplicon accumulation as the reaction progresses (e.g. in “real time”) and it enumerates
an actual number of gene copies present in the sample. There are two general detection
strategies for quantitative PCR; a) the SybrGreen method measures the change in
fluorescence as the intercalating dye binds non-specifically to increasing numbers of
DNA molecules (Wittwer et al., 1997; Morrison et al., 1998) and b) a probe such as
TaqMan specifically binds to DNA sequences as the second strand is being synthesized.
A fluorophore attached to the probe is cleaved by DNA polymerase activity and
fluoresces when it is dissociated from a quencher molecule (Gibson et al., 1996)
The progression of MST methodology, advantages and disadvantages of various
methods have been extensively reviewed (Field & Samadpour, 2007; Harwood, 2007;
Santo Domingo & Sadowsky, 2007; Savichtcheva & Okabe, 2006; Scott et al., 2002;
Simpson et al., 2002; Stoeckel & Harwood, 2007; Yan & Sadowsky, 2007; Meays et al.,
2004). Studies that tested the performance of MST markers in the field, found that
detection limits of assays targeting markers from the same host species are variable and
can differ by more than one order of magnitude (Harwood et al., 2009; Shanks et al.,
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2010; Lu et al., 2007). Furthermore, distribution of MST markers in target populations is
not uniform, as evidenced by the detection of chicken-associated markers in other avian
species (Lu et al., 2007) and a wide range of distribution of cow-associated markers
across different bovine populations (Shanks et al., 2010). A toolbox approach to MST
using multiple markers in conjunction with FIB, select pathogens and sanitary surveys of
the region was shown to reliably identify pollution source(s) in the environment (Noble et
al., 2006; Vogel et al., 2007; Savichtcheva et al., 2007; Noble et al., 2003a; Lee et al.,
2008; Harwood et al., 2009).
One of the largely unexplored aspects of MST pertains to the fate of various
markers in the ambient waters. Several recent studies conducted in mesocosms assessed
environmental factors affecting the persistence of different Bacteroidales markers (Bae &
Wuertz, 2009; Bell et al., 2009; Okabe & Shimazu, 2007; Walters & Field, 2009; Walters
et al., 2009). In freshwater mesocosms protozoan grazing was recognized as a major
force behind the rapid decline of Bacteroidales markers (Bell et al., 2009; Dick et al.,
2010; Okabe & Shimazu, 2007). Similar results were observed for saltwater mesocosms,
where marker persistence increased with increased salinity and decreased temperature,
presumably because activity of protozoa is reduced under those conditions (Okabe &
Shimazu, 2007). The effect of temperature alone on the persistence of Bacteroidales
markers showed variable results, where some researchers reported inverse relationships
(Bell et al., 2009; Okabe & Shimazu, 2007), while others did not find temperature to be a
significant factor (Dick et al., 2010). Somewhat contradictory results were reported for
the influence of sunlight in saltwater, where one study found that it significantly
decreased persistence of human Bacteroidales as compared to the controls incubated in
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the dark (Walters et al., 2009), while another study reported no effect (Bae & Wuertz,
2009). In freshwater mesocosms, sunlight did not significantly affect persistence of two
human Bacteroidales markers (Walters & Field, 2009; Dick et al., 2010). The observed
variability of MST marker response to different biotic and abiotic environmental
parameters underlines the complexity of ecological interactions and emphasizes the need
for a better understanding of factors affecting marker persistence in different watersheds.
Remediation of impaired waters and facilitating return to their designated usage is
the ultimate goal of MST. At the same time, application of MST methods before and after
remedial efforts would be an appropriate test of their performance in a true field setting.
While successful identification of the source(s) has been achieved, remediation can be
problematic as it can often be costly and it requires continued commitment and close
collaboration between the scientific community and many local/state agencies.
Nonetheless, a few studies published to date utilizing MST techniques showed success of
remedial actions in improving water quality and reducing beach closures (Dickerson et
al., 2007; Kinzelman, 2009; Hagedorn et al., 1999). The body of literature published to
date shows that, while each MST method has its advantages and disadvantages,
comprehensive, well-planned microbial water quality studies can identify contamination
sources reliably, leading to implementation of tangible actions to improve environmental
water quality and safety.
Research Goals and Chapter Objectives
The main goals of my research were two-fold; (1) demonstrating the application
of MST tools to discriminate between human and non-human pollution source(s) in
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ambient waters and (2) determination of the effect of selected environmental parameters
on survival of E. coli in freshwater and seawater habitats.
My research work that focused on determination of pollution sources comprised
first two chapters of my dissertation. The first study (published in the Journal of Applied
Microbiology) investigated pollution source(s) affecting recreational and shellfishing
water quality in the Wakulla County, FL. This area has a history of beach and
shellfishing bed closures due to high FIB concentrations. A combination of culturedependent FIB enumeration by standard methods and MST testing identified areas that
were affected by human fecal pollution, while a hydrological study of the region
determined the effect of flow patterns of FIB loading in the area.
The second study (submitted for publication in the Journal of Applied
Microbiology) focused on comparing water quality at two Florida beaches in
Hillsborough County by FIB measurements and MST methods for detection of human
pollution sources. In addition, these measurements were compared before and after
remediation at one of the beaches that underwent remediation of the wastewater
infrastructure.
Evaluation of the effects of certain environmental parameters (freshwater vs
saltwater habitat, presence of protozoa and sediment, exposure to sunlight, and variation
in individual strains) on survival of E. coli was the focus of the remainder of the research.
More specifically, I methodically examined the effects of individual variables, as well as
combinations of several variables on E. coli survival in mesocosms that simulated
ambient conditions.
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In a broader context, I hope to provide valuable information about using toolbox
approach to microbial source tracking, as well as insight into the ecology and fate of E.
coli, a globally used FIB, in the aquatic habitats.
The description of the studies (including materials and methods utilized, results
and discussion of the original research) comprising my doctoral dissertation is outlined in
Chapters Two through Four. In Chapter Two, I employed enumeration of FIB, MST
techniques and a hydrological study of the region to identify pollution sources and FIB
loading at coastal beaches of Wakulla County, Florida. Specifically, my objectives were
to:
1) Determine concentrations of FIB in the water column, sediments and
oyster tissues at selected sampling sites
2) Employ a human associated MST marker (enterococcal surface protein of
Enterococcus faecium- esp) at the same sites to determine whether
observed FIB concentrations are result of human versus non-human fecal
pollution
3) Examine flow patterns of Ochlockonee River through Langragian drifters
to determine the role of local hydrology and topography on bacterial
transport and loading
In Chapter Three, I examined FIB concentrations in the water column and
sediments, presence of human associated MST markers, and selected human pathogens at
two public beaches in Hillsborough County, before and after remedial actions were
undertaken to improve beach water quality. The main objectives of the study were:
1) Assessment of recreational water quality and FIB sources before remediation
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2) Evaluation of the success of the remedial actions through FIB enumeration and
human-associated MST techniques (esp and human polyomaviruses)
3) Determination of presence/absence of human pathogens (Salmonella spp. and
enteroviruses)
The focus of Chapter Four was to determine the effect of certain environmental
parameters on the survival of E. coli in mesocosms that simulated environmental
conditions. The main goals included:
1) Determining the effect of sediment presence on E. coli survival in freshwater and
seawater habitats in the mesocosms with and without protozoa
2) Evaluating effects of freshwater vs. seawater habitats on E. coli survival
3) Determining the effect of protozoan predators on decline of E. coli in freshwater
and estuarine habitats
4) Evaluating the combined effect of sediments, protozoan predators direct sunlight
exposure, and characteristics of freshwater vs. seawater habitat on E. coli survival
Significance of research
Through the research goals and objectives outlines above, I aim to advance our
knowledge about the field application of microbial source tracking methodology and to
improve our understanding of ecological relationships of fecal indicator bacteria in the
environment. The intended applied benefit is to provide information about the advantages
of the toolbox approach (simultaneous application of several different techniques) to
pollution source tracking and detailed characterizations of individual watersheds, in order
to improve rehabilitation of recreational water quality impairments.

34

Through my research I showed that a combination of FIB enumeration, MST
methods, and regional hydrological study can reliably inform regulatory agencies of FIB
sources, improving risk assessment and pollution mitigation in impaired waters.
As one of the first studies that employed MST to conclusively identify pollution
sources and report on the successful effects of remediation actions, I showed that a
comprehensive microbial water quality study can identify contamination sources through
the use of MST markers and that close collaboration with local/and state agencies can
result in tangible actions to improve recreational water quality and safety.
My investigation of the environmental parameters governing E. coli survival in
freshwater and seawater mesocosms identified protozoan predators as an important
contributor to the decline of E. coli concentrations in the water column, while freshwater
vs. saltwater habitat was more important determinant of persistence in sediments. I hope
that this research has provided an important insight into the intricate ecological
relationships of indicator bacteria and their secondary habitats.
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Abstract
Microbial water quality and possible human sources of fecal pollution were
assessed in a Florida estuary that serves shellfishing and recreational activities.
Fecal indicator organisms (FIB), including fecal coliforms, Escherichia coli and
enterococci were quantified from marine and river waters, sediments, and oysters. Florida
recreational water standards were infrequently exceeded (6%-10% of samples); however,
shellfishing standards were more frequently exceeded (28%). FIB concentrations in
oysters and overlaying waters were significantly correlated, but oyster and sediment FIB
concentrations were uncorrelated. The human- associated esp gene of Ent. faecium was
detected in marine and fresh waters at sites with suspected human sewage contamination.
Lagrangian drifters, used to determine the pathways of bacterial transport and deposition,
suggested that sediment deposition from the Ochlockonee River contributes to frequent
detection of esp at a Gulf of Mexico beach. These data indicate that human fecal
pollution is impacting water quality in Wakulla County and that local topography and
hydrology play a role in bacterial transport and deposition. A combination of FIB
enumeration, MST methods, and regional hydrological study can reliably inform
regulatory agencies of FIB sources, improving risk assessment and pollution mitigation in
impaired waters.
Introduction
Fecal contamination of surface waters used for recreation, shellfish harvesting, or
as a drinking water source can pose a serious threat to human health. Due to the cost
constraints and impracticability of testing directly for all enteric pathogens, bacterial FIB
have been used for over a century as a surrogate for the assessment of environmental
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water quality and safety. Epidemiological studies conducted over the past 30 years have
supported the correlation between levels of certain indicator organisms and the risk of
gastroenteritis in recreational water users (Cabelli et al., 1979; Cabelli et al., 1982;
Fleisher, 1985; Fleisher et al., 1993); however, various factors can confound this
relationship, including ubiquitousness and extended survival of certain FIB in the
environment (Anderson et al., 2005; Byappanahalli et al., 2006; Davies et al., 1995).
Currently, water column samples are collected to assess the quality of recreational
and shellfishing waters (United States Environmental Protection Agency, 1986; Florida
Administrative Code (FAC: 62-603), 1998). Sediments are generally not sampled, and no
regulatory standards exist for sediment FIB concentrations; however, prolonged survival
of E. coli and enterococci in sediments and aquatic vegetation has been documented
(Anderson et al., 2005; Whitman et al., 2003; Topp, 2003; Solo-Gabriele et al., 2000).
Furthermore, the potential for contamination of the overlaying water column by resuspension of sediment particles indicates the need for better assessment of contributing
contamination sources (Kinzelman et al., 2004; LaLiberte & Grimes, 1982). Various
sediments have been implicated as a reservoir for FIB, especially in tropical and
subtropical systems, where concentrations could be artificially elevated due to the effects
of the climate and/or sediment characteristics (Desmarais et al., 2002; Solo-Gabriele et
al., 2000; Brownell et al., 2007).
Recent studies have indicated that certain E. coli strains are capable of long-term
survival and even growth in secondary habitats (e.g. environmental waters and soil)
(Anderson et al., 2005; Power et al., 2005; Byappanahalli et al., 2006). Certain members
of the enterococci may also display differential survival, as suggested by the recurrent
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isolation of a particular Ent. faecalis strain from marine waters in California (Ferguson et
al., 2005). In addition to their problematic survival patterns in the environment, E. coli
and Enterococcus spp. are normal inhabitants of the gastrointestinal tract of most warmblooded and some cold-blooded animals, and therefore provide no information about the
source of fecal contamination (Harwood et al., 1999). While animal fecal contamination
cannot be considered an insignificant human health threat as evidenced by zoonotic
waterborne disease outbreaks, the host specificity of the viruses carried in human fecal
material increase the probability of illness following exposure. Because of the threat that
contamination of environmental waters with human sewage poses, and the possibility of
eliminating such contamination when the source is known, the ability to discriminate
between human vs. non-human contamination source is important.
Microbial source tracking methods have been developed with the aim of
distinguishing contamination originating from various fecal sources. Library independent
microbial source tracking (MST) methods are a subset of fecal source tracking that
generally focus on detection of a microbial target gene by PCR. The target should be
specific to, or highly associated with, waste from particular host species (Hamilton et al.,
2006; Scott et al., 2005; Bernhard & Field, 2000b; United States Environmental
Protection Agency, 2005; McQuaig et al., 2006; Layton et al., 2006; Stoeckel &
Harwood, 2007). A variety of library independent methods (Scott et al., 2005; Bernhard
& Field, 2000b; McDonald et al., 2006; McQuaig et al., 2006; United States
Environmental Protection Agency, 2005) have been employed with increasing frequency
over the last decade to determine sources of fecal indicator bacteria and other sourcespecific tracers of contamination.
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The fate of fecal indicator bacteria in environmental waters is often affected by
transport through the watershed due to river flows, tidal currents, or wind and wave
driven advection. Examination of surface currents of the water circulation patterns has
improved the ability to determine the sources and health risks associated with areas of
high FIB concentrations and to develop predictive models describing their fate
(Goldscheider et al., 2007; Grant, 2005; Boehm et al., 2005; Liu, 2006). One important
tool to track surface transport, particularly in shallow coastal waters, is the use of
Lagrangian drifters. Drifters have been used successfully to determine surface currents
and mixing (Castelao, 2008; MacFadyen, 2005), as well as transport of chemical
contaminants and passive biological particles such as larvae and bacteria (Goldscheider et
al., 2007; Fiechter, 2008; Hitchcock, 2008).
The primary objective of this study was to investigate the occurrence and
source(s) of microbial indicators of fecal pollution in public beach recreational waters
and sands and other selected sites in Wakulla County, whose waters are extensively used
for both recreation and shellfishing. The ability to identify pollution sources quickly and
efficiently would allow for more rapid, efficient remediation of impacted waters and
more precise risk assessment (United States Environmental Protection Agency, 2005).
Materials and Methods
Sample collection
Three sites in the Ochlockonee River estuary, which discharges into the Gulf of
Mexico in the Florida panhandle, were sampled approximately every two weeks during
two six month sampling periods (January 25 through June 14, 2005 and January 8
through April 24, 2007) for a total of 18 sampling events. Two estuarine sites, Mash’s
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Sands Beach (MS), and a boat ramp along a tidal creek (BR), were in close proximity and
had average salinities of 22.0 ‰, and17.8 ‰, respectively. One freshwater site was
represented by the Ochlockonee River at the Route 319 Bridge (319), with average
salinity of 0.6 ‰. Grab samples of water (1 L) and the top layer of sediment (~25 g and
~3 cm depth) were collected in sterile containers, stored in a cooler on ice, and processed
within 8 h of collection. Water samples were collected at a depth of approximately 0.2 m.
Depending on the depth of the sampling site, sediment was collected either by hand or
with a sampling pole. During the first six-month study period, oysters (minimum of three
per sampling event) were sampled from the support columns of the boat ramp at a depth
where they were covered with water at low and high tide. Oysters were stored as above,
and were processed within the same time frame.
Enumeration of indicator organisms
Water and sediment samples were processed by membrane filtration (0.45 µm
pore-size, 47 mm diameter) for enumeration of fecal coliforms, E. coli, and enterococci.
Sediment samples were first diluted 1:10 with sterile buffered water (0.0425 g · L-1
KH2PO4 and 0.4055 g · L-1 MgCl2 ; pH 7.2) and sonicated (Anderson et al., 2005) to
release bacteria attached to particles. Fecal coliforms were enumerated on mFC agar after
24 h incubation at 44.5° C (American Public Health Association, 1999) ; enterococci
were enumerated on mEI agar at 41°C after 24 h incubation (United States
Environmental Protection Agency, 2002a); E. coli was enumerated on mTEC media at
35oC for 2 h, followed by 22 h incubation at 44.5 o C (United States Environmental
Protection Agency, 2002b). Colonies on plates were counted and concentrations were
reported as CFU/100 ml or CFU/100 g (wet weight) for water and sediment samples,
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respectively. Oyster tissue was diluted 1:10 with sterile buffered water and homogenized.
Homogenates (1 ml) were spread on 150 mm agar plates containing mFC agar for fecal
coliforms or mE for enterococci, and incubated at 44.5°C and 41°C, respectively. Fecal
coliform colonies originating from mFC plates were further identified as E. coli by
incubation in EC-MUG broth (4-methylumbelliferyl-•-D-glucuronide). At least 50% of
MUG-positive isolates were subjected to confirmation of the E. coli identification by the
API 20E biochemical test system (BioMerieux, Hazelwood, MO). Esculin hydrolysis by
maroon/brown colonies on mE agar (presumptive enterococci) was confirmed by
incubation in enterococcosel broth (Becton Dickinson, Franklin Lakes, NJ) for 24 h at
37° C. Bacterial counts were reported as CFU/g of tissue.
Drifter experiment
The last two sampling events conducted on May 9, 2007 and June 5, 2007 were
coordinated with a concurrent hydrological study being conducted in Ochlockonee Bay.
That study employed the use of Lagrangian drifters to track surface currents and
circulation within and near the mouth of the bay. The drifters were designed with a low
profile to minimize wind drag and allow transport into shallow waters. Drifters were
released at various points within the Ochlockonee River Bay and recovered after a period
of approximately 60-75 min. The drifters logged GPS data regularly at five minute
intervals so that their path could be accurately plotted. Water samples were collected at
the points of drifter release and recovery for analysis of the presence of esp marker.
Library-independent MST
Minor modifications of a previously published procedure were used to detect the
esp gene of Ent. faecium (Scott et al., 2005). Sediment and water at sites MS and 319

70

were sampled on 18 dates for esp analysis, while BR site was sampled on 17 dates. Three
hundred ml of water and 25 ml of sediment suspension (see above for preparation) were
concentrated by membrane filtration and incubated on mEI media at 41°C for 48 h.
Filters were transferred to 5.0 ml dextrose broth (Difco Laboratories, Detroit MI) in
sterile, 15 ml conical screw-cap tubes, vortexed vigorously and incubated for 3 h at 41ºC
with shaking. Two ml of azide dextrose broth were transferred to a sterile centrifuge tube
and centrifuged at 7,500 × g for 10 min. DNA extraction was performed using the
QIAamp DNA Stool Mini Kit according to manufacturer’s instructions (Qiagen, Inc.
Valencia, CA). The primers and PCR conditions were previously published (Scott et al.,
2005). PCR products (expected size 680 bp) were visualized by agarose electrophoresis
(1.5% agarose gel). The positive control for the esp PCR assay, Ent. faecium C68, was
amplified by PCR for each sample event. Furthermore, it was shown that each of the PCR
reactions were not inhibited in an environmental water and sediment by seeding aliquots
of water and sediment samples with the positive control Ent. faecium C68 (approximately
100 cells) and subjecting the mixture to PCR. Results for water samples are presented as
frequency of positive results, or the number of samples testing positive for the esp gene
divided by the total number of samples analyzed.
Sensitivity and specificity of the esp assay
Fecal samples from seagulls (n=39) and dogs (n=20) were sampled by collecting
fecal material freshly deposited on the ground with sterile cotton swabs, which were
stored in tubes containing 250 µl sterile buffered water. All fecal samples were streaked
on mEI agar and were incubated and transferred to azide dextrose broth as described
above (Library-independent MST). The remainder of the esp protocol (DNA extraction,
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PCR reactions and gel electrophoresis) was also performed as described above. Sewage
samples (n=3) were collected into sterile bottles from municipal sewage influent from
Wakulla County wastewater treatment plant, as well as Falkenburg Road (Hillsborough
County, Florida) and Oldsmar (Pinellas County, Florida) wastewater treatment plants. All
fecal and sewage samples were placed on ice and processed within 8 h. Serial dilutions of
sewage in buffered water were prepared and samples were processed by membrane
filtration and incubated on mEI agar, as described earlier. The remainder of the protocol
(DNA extraction, PCR reactions, and gel electrophoresis) was performed as described
above.
Data analysis
All FIB concentrations were log10 transformed before data analysis. The mean
FIB concentrations in both the water column and sediments by site were compared by
MANOVA followed by one-way ANOVA and Tukey’s posthoc test (SPSS version 16.0,
Chicago Illinois). The relationship between FIB concentrations isolated from the water
column and sediment of the same site (two-tailed paired t-test) was assessed using the
GraphPad InStat software (Version 3.00, San Diego, California). The relationship
between rainfall and FIB concentrations in the water column and sediments, as well as
relationship between FIB isolated from the oyster tissues and water column was assessed
using linear (Pearson) correlation (two tailed P-test) using the same software. Binary
logistic regression models were used to assess the relationship of bacterial indicator
organisms with the presence of human-associated marker (SPSS software). The
relationships were considered significant in cases where the P-value for model chi-square
was <0.05 and the confidence interval did not include one (1).
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Results
Indicator organism concentrations
The majority of water samples met Florida regulatory limits for recreational
waters, as 94% and 90% of samples were below the limits for fecal coliforms (400
CFU/100 ml) and enterococci (104 CFU/100 ml), respectively. Regulatory limits for
shelfishing waters (43 CFU/100 ml fecal coliforms) were met by 72% of water samples
collected (none of which were collected in locations permitted for commercial
shellfishing). Regulatory limits for fecal coliforms in recreational waters were exceeded
once at freshwater site 319 and twice at the estuarine site BR (Fig. 1). Enterococci limits
were exceeded once at 319, once at MS (Gulf of Mexico) and three times at BR (Fig. 1).
Shellfishing standards for fecal coliforms were exceeded twice at MS, seven times at BR
and six times at 319 (Fig. 1). Fecal coliform concentrations in the water column were
significantly higher at the freshwater site (319) compared to the marine beach site (MS)
(P<0.05) (Fig. 1, Table 1). No other significant differences in indicator organism
concentrations by site were observed.
A significant positive correlation was detected for cumulative rainfall 24 hours
prior to sampling and fecal coliform concentrations in the water column at all sites
(Pearson correlation: r = 0.287, P<0.05). A similar relationship was observed for E. coli
concentrations in the water column and cumulative rainfall 24 hours prior to sampling
(Pearson correlation: r= 0.303, P<0.05).
Enterococci concentrations in the sediments of site BR (estuarine) were
significantly higher than those at site 319 (P<0.001) (Table 1, Fig. 2). Sediments at the
BR site harbored significantly higher concentrations of both E. coli and enterococci
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compared to the MS site (P<0.05) (Table 1, Fig. 2). The comparison of mean FIB
concentrations in the water column and sediments revealed that sediments harbored
significantly (approximately one log) higher concentrations of all three organisms (Table
2).
Concentrations of all three FIB in the water column samples were highly
correlated with each other (Pearson correlation coefficient: r value 0.73- 0.88, P<0.0001),
with similar correlation values for sediments (Pearson correlation coefficient: r value
0.66-0.85, P<0.0001). Oyster tissues were sampled at the BR site between March 8 and
June 14, 2005. A significant correlation (Pearson correlation coefficient: r value 0.760.83, P< 0.05) was found between concentrations of all three FIB in oyster tissues
compared to samples from overlying waters (Fig. 3). In contrast, there was no correlation
between FIB levels in oyster tissue vs. sediments (data not shown).
(Additional data included in Appendix A)
Library-independent MST
A library-independent MST assay targeting the human-associated esp gene of Ent.
faecium was performed on all water and sediment samples. The frequency of detection of
the marker ranged from 0.29 (BR) to 0.44 (MS and 319) in the water column and from
0.05 (BR and 319) to 0.17 (MS) in sediments (Figure 4). Binary logistic regression
models were used to assess the relationship of bacterial indicator organisms with the
presence of the esp marker. A weak but significant correlation was found between fecal
coliforms (Nagelkerke R2 = 0.09; odds ratio 2.37; χ2 0.03) and esp gene detection in the
water column. A similar relationship was observed between E. coli concentration and esp
gene detection in the water column (Nagelkerke R2 = 0.11; odds ratio 2.54, χ2 0.02).
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Furthermore, a weak negative correlation was detected between fecal coliforms and esp
gene detection in sediments (Nagelkerke R2 = 0.19; odds ratio 0.21, χ2 0.02).
(Additional data included in Appendix A)
Sensitivity and specificity of the esp assay
In order to assess the specificity of the esp marker, the assay was performed on
fecal material from two non-target groups of organisms, seagulls (n=39) and dogs (n=20).
The choice of animals was governed by: 1) similarity of the gastrointestinal bacterial
flora of dogs and humans, and 2) potential impacts of the resident seagull population
observed at the Mashes Sands Beach and other sites in the Wakulla County. While a large
percentage from both groups contained detectable levels of culturable enterococci in their
feces (54% and 100% for seagulls and dogs, respectively), the cross-reactivity of the esp
marker was fairly low (14.3% or n=3 for seagulls; 5% or n=1 for dogs). Serial dilutions
of primary influent from three municipal wastewater treatment plants were tested in order
to assess the sensitivity of the assay. The three wastewater treatment plants (WWTP)
sampled were: Falkenburg Road WWTP (Hillsborough County, FL), Oldsmar WWTP
(Pinellas County), and Wakulla WWTP (Wakulla County, FL). The detection limit of the
assay was 10 •l of sewage per 300 ml water (a 30,000 fold dilution). The corresponding
ranges of IO counts isolated from 10 •l of raw sewage from three WWTP were as
follows: 1) fecal coliforms 145-535 CFU; 2) E. coli 148-487 CFU; 3) enterococci 77-372
CFU.
Drifters
Nineteen drifters were released and tracked (three from May and 16 from June).
Sampling in May was conducted in the Ochlockonee River. Five water samples were
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collected concurrently for esp analysis, one at the common release point for the drifters,
and the remainder along the drifter paths. The sample collected at the drifter release point
tested positive for the esp marker, and two of the remaining samples (50%) also tested
positive for the esp marker. During the June sampling, drifters were released in two
groups (eight drifters each) in the mouth of the Ochlockonee Bay. Sixteen water samples
were collected (two where the drifter groups were released and 14 where the drifters were
recovered). One of the samples collected at the drifter release points was positive for the
esp marker (50%). Seven samples (50%) obtained at the drifter collection points tested
positive for the marker. In general, drifters were tidally driven, following the depth
contours of Ochlockonee Bay. Upon exiting the bay, the path went over the sand shoals
at the south end of Mashes Sands Beach and in a general eastward direction. Only drifter
paths from June sampling are shown, since they were more relevant to the study area
(Fig. 5).
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Table 1. Post-hoc one-way analyses of variance (ANOVA) and Tukey’s results for FIB
concentrations in the water column and sediments by site following significant
MANOVA (p < 0.001). Only comparisons where a significant difference was
demonstrated are shown. Means and standard deviations are presented as log10 CFU per
100 ml water or 100 g sediment. Site abbreviations: MS- Mashes Sands Beach; BR- Boat
Ramp; 319- Bridge over Ochlockonee River.

Organism

Matrix

Comparison

Mean and SD

P value

Enterococci

Sediment

MS vs BR

1.98 +/- 0.63 vs 2.78 +/- 0.58

<0.05

Enterococci

Sediment

BR vs 319

2.78 +/- 0.58 vs 1.36 +/- 1.01

<0.001

Fecal
coliforms
E. coli

Water

MS vs 319

1.05 +/- 0.41 vs 1.55 +/- 0.57

<0.05

Sediment

MS vs BR

1.63 +/- 0.86 vs 2.47 +/- 0.91

<0.05
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Table 2. Comparison of FIB concentrations between the water column and sediments by
site (two-tail, paired t-test). Only comparisons where a significant difference was
demonstrated are shown. Means and standard deviations are presented as log10 CFU per
100 ml water or 100 g sediment. Site abbreviations: MS- Mashes Sands Beach; BR- Boat
Ramp; 319- Bridge over Ochlockonee River.
Site

Organism

MS

Fecal
coliforms
E. coli
Enterococci
Fecal
coliforms
E. coli
Enterococci
E. coli

BR

319

Two-tailed P
value
<0.0001

Water
mean (log10)
1.03 +/- 0.41

Sediment mean
(log10)
1.85 +/- 0.61

0.0001
0.0004
0.0078

1.03 +/- 0.43
0.98 +/- 0.50
1.47 +/- 0.76

1.82 +/- 0.59
1.96 +/- 0.62
2.46 +/- 0.90

0.0073
<0.0001
0.0112

1.42 +/- 0.81
1.33 +/- 0.63
1.26 +/- 0.80

2.47 +/- 0.94
2.79 +/- 0.57
2.00 +/- 0.86
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Figure 1. Mean FIB concentrations (log10-transformed) in the water column samples by
site (CFU/100 ml). Error bars represent standard deviations. Site abbreviations
(x-axis): MS - Mashes Sands Beach, BR- Boat ramp, 319- Bridge over Ochlockonee
River n= number of samples analyzed. FIB concentrations (y-axis) are represented as
log10 transformed CFU/100 ml. Fecal coliforms concentrations are represented by striped
bars ( ); E. coli concentrations are represented by dotted bars ( ); enterococci
concentrations are represented by bars with diagonal lines ( ). Vertical lines with
crosses (x) represent fecal coliforms regulatory guidelines for recreational waters (400
CFU/100 ml); vertical lines with filled squares (•) represent enterococci regulatory
guidelines for enterococci (104 CFU/100 ml); vertical lines with filled circles (•)
represent shellfishing regulations for fecal coliforms (43 CFU/100 ml for a grab sample).
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Figure 2. Mean FIB concentrations (log10-transformed) in sediment samples by site
(CFU/100 g wet weight). Error bars represent standard deviations. Site abbreviations (xaxis): MS - Mashes Sands Beach, BR- Boat ramp, 319- Bridge over Ochlockonee River,
n= number of samples analyzed. IO concentrations (y-axis) are represented as log10
transformed CFU/g wet weight). Fecal coliforms concentrations are represented by
striped bars ( ); E. coli concentrations are represented by dotted bars ( ); enterococci
concentrations are represented by bars with diagonal lines ( ).
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Figure 3. FIB concentrations (log10-transformed) in oyster tissue (columns; CFU/g) vs.
FIB concentrations in the overlying water column (lines; CFU/100 ml). Dates of oyster
sampling are on the x-axis. Error bars represent standard deviations. FIB concentrations
in oysters (y-axis) are shown as log10 transformed CFU/g oyster tissue. FIB
concentrations (z-axis) are shown as log10 transformed CFU/100 ml. The vertical line
with crosses (x) represents fecal coliform concentration in the water column; vertical line
with filled squares (•) represents E. coli concentrations in the water column; vertical line
with empty circles (•) represents enterococci concentrations in the water column. Bars
with diagonal crossing lines ( ) represent fecal coliform concentrations in the oyster
tissue; checkered bars ( ) represent E. coli concentrations in the oyster tissues; bars with
horizontal lines ( ) represent enterococci concentrations in the oyster tissue.
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Figure 4. Frequency of detection of the human-associated esp gene in the water column
and sediments at each site. Site abbreviations (x-axis): MS- Mashes Sands Beach, BRBoat ramp, 319- Bridge over Ochlockonee River. Frequency detection (0 to 1) of esp
marker is represented on y-axis. Frequency distribution was calculated as a number of
positive esp marker samples over a total number of samples at a particular site on which
the esp assay was performed. Gray column ( ) represents frequency detection of esp
marker in the water column; black column ( ) with white dots represents frequency of
esp marker detection in sediments.
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Figure 5. Drifter tracks from June 6, 2007 overlaid with water collection points for esp
assay. The second group of drifters that were deployed in the Ochlockonee Bay on
June 6, 2007. Deployment and collection sites are marked with green and blue filled dots,
respectively. Drifter trajectories are represented by white lines. Dots indicate 5-minute
interpolated position. The red dots with black border are the locations where water
samples were collected for the esp assay.
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Discussion
Despite the accumulating evidence that FIB are not ideal indicators of human
fecal pollution and pathogen presence, they are still recognized as federal and state
standards for the evaluation of the microbial aspects of environmental water quality and
safety (Florida Administrative Code (FAC: 62-603), 1998; National Shellfish Sanitation
Program, 2003; United States Environmental Protection Agency, 1986). Coastal waters
of Wakulla County have experienced sporadic exceedances of recreational and
shellfishing water quality standards for FIB that are not explained by releases from point
sources such as sewage infrastructure. These exceedances have attracted public and
regulatory attention, and threaten the designated uses of this estuary.
Previous studies have determined that stormwater runoff may impact the quality
of receiving environmental waters, due to the deposition of relatively high concentrations
of IOs retained in the stormwater conveyance systems (Brownell et al., 2007; Marino,
1991; Shehane et al., 2005). The significant correlation between rainfall 24 hours prior to
sampling and FIB concentrations in the water column suggests that water quality in the
watershed is adversely affected by stormwater.
FIB concentrations in sediments were significantly higher (greater than 1 log)
than in the water column. Previous MST studies did not seek to determine the
contribution of sediments to elevated FIB concentrations in environmental waters
(Wiggins, 1996; Wiggins et al., 1999; Whitlock et al., 2002; Parveen et al., 1999;
Harwood et al., 2000; Hamilton et al., 2006; Hagedorn et al., 2003; Graves et al., 2007),
rather, they focused on human and animal waste pollution sources. Recent studies,
however, have acknowledged the importance of sediments and/or stormwater as
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reservoirs for FIB (Brownell et al., 2007; Choi et al., 2003; Moore et al., 2006; Bonilla et
al., 2007; Anderson et al., 2005; Ferguson et al., 2005).
The relationship between FIB concentrations in water and sediments vs. FIB
concentrations in oyster tissue was determined in oysters that were native to the sampling
site (not relocated), in estuarine waters that did not meet the fecal coliform guidelines for
shellfishing waters set by the National Shellfish Sanitation Program (National Shellfish
Sanitation Program, 2003). The in situ correlation between the FIB levels in the oyster
tissue and FIB levels in the water column describes a dynamic relationship with
fluctuations of bacterial levels over time. Conversely, sediment FIB concentrations were
not correlated with FIB concentrations in oyster tissue, reflecting the oyster’s filter
feeding lifestyle. Other studies that explored the relationship of microbial concentrations
in water vs. oysters employed relocated or depurated animals, and found that the oysters
tended to accumulate microorganisms from the surrounding water (Daskin et al., 2008;
Shieh et al., 2003; Burkhardt & Calci, 2000).
According to recent estimates, approximately 13% of the nation’s surface waters
do not meet regulatory criteria for recreational waters in terms of fecal indicator bacteria
(United States Environmental Protection Agency, 2005). Point sources of pollution (e.g.
WWTP effluents, sewage spills) are recognized contributors to the problem, but
contribution from non-point sources (e.g. agricultural runoff, stormwater runoff) is
frequently underestimated and is considerably more challenging to manage and
remediate. Microbial source tracking tools have been developed within the last decade for
the purpose of determining pollution sources and distinguishing between human and nonhuman fecal pollution (Ahmed et al., 2008c; Ahmed et al., 2008e; Ahmed et al., 2008d;

85

Bernhard & Field, 2000a; Dickerson et al., 2007; Graves et al., 2007; Griffith et al.,
2003; Layton et al., 2006; McQuaig et al., 2006; Scott et al., 2005; Stoeckel & Harwood,
2007; United States Environmental Protection Agency, 2005).
Even though regulatory standards for fecal coliforms and enterococci were
infrequently exceeded, human-associated MST markers were detected regularly in the
area of study. Possible sources of human sewage contamination, resulting in the detection
of human-associated marker were identified in this study. Both MS and BR sites have
bathrooms in close proximity to the water that were serviced by septic tanks and
converted to a sewer system in late 2004. Due to the structural damage of the restroom at
site MS sustained during the storm surge in the hurricane season of 2005, it was replaced
by the portable restrooms placed relatively close to the waters edge (~10-15 meters). In a
previous study conducted in the Tampa Bay area (Harwood, unpublished data) it was
established that the cleaning practices of portable restrooms can result in increased
concentrations of indicator organisms and human-associated markers in nearby water
bodies into which the water has drained. On the banks of Ochlockonee River, near
sampling site 319, several live-aboard boats are docked and it is suspected that waste
originating from the boats might not be disposed off properly, thus contributing to the
detection of increased levels of FIB and MST markers in the area. The data collected
during this study strongly indicate that human fecal pollution affects water quality in
Ochlockonee Bay.
While Lagrangian drifters have been used to track surface transport of bacteria
and larvae, including FIB (Bonilla et al., 2007; Goldscheider et al., 2007; Hitchcock,
2008), to the best of our knowledge they have not been used before in the conjunction
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with molecular MST methods. The drifter experiment conducted in our study indicates
that during high tide, outflow from Ochlockonee Bay flows onto Mashes Sands beach,
which may result in deposits of bacteria from upstream sources. It was noted that the
ending points for drifters (MS) displayed an elevated frequency of esp marker detection
compared to the nearby BR site, which was sheltered from the path of current flow. This
correlation supports the hypothesis that deposition from the outflow of the Ochlockonee
River is a significant source of FIB and human-associated MST markers that are detected
at Mashes Sands beach.
Currently, MST methods are not officially accepted by any of the regulatory
agencies as tools for monitoring environmental water quality and safety. However, their
utilization in development and implementation of total maximum daily load (TMDL)
programs is a step toward the transition from a purely research role to one of active
application (United States Environmental Protection Agency, 2005). Data collected in the
study indicate that human fecal pollution is impacting recreational water quality in
Ochlockonee Bay. Furthermore, stormwater runoff and local topography and
hydrological conditions existing in Ochlocknee Bay appear to be important contributors
to the transport pathways of contaminants. This work indicates that the combination of
FIB enumeration, MST methods, and hydrological survey of the region can provide
valuable information about FIB sources, aiding in the remediation of impaired waters.
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Abstract
Water quality at two Florida beaches was compared using fecal indicator bacteria
(FIB) measurements and microbial source tracking (MST) methods for detecting human
source pollution. These values were also compared before and after remediation of
wastewater infrastructure at one beach. Fecal coliforms, Escherichia coli, and enterococci
were enumerated in estuarine water and sediment samples. PCR assays for the humanassociated esp gene of Enterococcus faecium and human polyomaviruses (HPyVs) were
used to detect human sewage. Culturable Salmonella and enteric viruses were also
analyzed. MST identified human sewage contamination at one beach, leading to repair of
a sewer main and relocation of portable restrooms. Exceedances of Florida recreational
water regulatory standards were significantly reduced after remediation (by 52% for fecal
coliforms and 39% for enterococci), and the frequency of detection of MST markers
decreased. Coxsackie virus B4 and HPyVs were co-detected following a major sewage
spill, but Salmonella was not detected during the study. These data indicate that
infrastructure remediation significantly reduced pollution from human sewage at the
impacted beach. A comprehensive microbial water quality study that can identify
contamination sources through the use of MST markers and close collaboration with
local/and state agencies can result in tangible actions to improve recreational water
quality and safety.
Introduction
A significant portion of water bodies in the United States fail to meet regulatory
criteria for their designated use due to elevated concentrations of fecal indicator bacteria
(FIB) (United States Environmental Protection Agency, 2000; Natural Resources Defense
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Council, 2008). Elevated levels of fecal microorganisms in recreational water bodies can
have detrimental effects on public health and can cause economic hardships for the
coastal communities (i.e. beach closures). According to the Natural Resources Defense
Council (NRDC), beach closings and advisories reached the fourth highest level in 2008
since NRDC started tracking beach water quality 19 years ago (National Resource
Defense Council, 2009). Florida ranked ninth among the fifty states in beach water
quality, as only 3% of samples exceeded regulatory guidelines for FIB (National
Resource Defense Council, 2009).
In Florida, more beach closures in 2008 were attributed to stormwater runoff
(35%) than to sewage spills (6%) (National Resource Defense Council, 2009). The
impact of sewage contamination on recreational water quality and associated public
health risks has been well documented (Cabelli et al., 1979; Cabelli et al., 1982; Fleisher
et al., 1996; Fleisher et al., 1998; Silva, 2010), however, the contribution of stormwater
runoff to pathogens and health risk in recreational waters is much less clear (Kinzelman
et al., 2004; Noble et al., 2003b; Ahn et al., 2005). Due to the known health risks from
human sewage contamination, and the ability to repair or upgrade inadequate wastewater
infrastructure, detection of a human component of fecal contamination (if it exists) is
useful for many aspects of water quality management, including beach monitoring and
total maximum daily load (TMDL) implementation plans (Brownell et al., 2007;
Dickerson et al., 2007; Field & Samadpour, 2007; Kinzelman, 2009; Noble et al., 2006;
Noble et al., 2003b; Vogel et al., 2007).
Enumeration of FIB in a water body provides no information about the source(s)
of contamination (Harwood et al 2000; Stoeckel and Harwood 2007; USEPA 2005). The
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rapidly growing field of microbial source tracking (MST) can help determine the
dominant contributors to fecal pollution in environmental waters (Stoeckel & Harwood,
2007; United States Environmental Protection Agency, 2005). Recent studies of
recreational water quality have frequently utilized library-independent MST methods that
target host-associated microorganisms (Field & Samadpour, 2007; Stoeckel & Harwood,
2007; Vogel et al., 2007; Santo Domingo & Sadowsky, 2007).
While most MST methods target nonpathogenic microorganisms, due in part to
their greater prevalence in host populations compared to pathogens (Harwood, 2007), it is
important to remember that FIB and most MST targets represent surrogates for
pathogens. An alternative to measuring surrogates for pathogens is to test for specific
pathogens, although one must choose from a myriad of potential targets, as it is
completely unfeasible to test for all possible waterborne pathogens. Salmonella spp. and
enteroviruses have been identified as etiological agents in a number of recorded
waterborne gastroenteritis outbreaks worldwide (Angulo et al., 1997; Clark, 1996;
O'Reilly et al., 2007; Schuster et al., 2005; Centers for Disease Control and Prevention,
2004; Centers for Disease Control and Prevention, 2008; Amvrosieva et al., 2006). Both
pathogens have been isolated from recreational surface waters with wide ranging
salinities (Catalao Dionisio et al., 2000; Fuhrman et al., 2005; Gersberg et al., 2006;
Gregory et al., 2006; Savichtcheva et al., 2007; Schets et al., 2008; Touron et al., 2007)
even in instances where FIB concentrations would have met US EPA guidelines (DenisMize et al., 2004), and were therefore chosen as targets for this study.
Our primary objectives were to investigate the possibility of a human source of
FIB at recreational beaches in the Tampa Bay estuary using MST tools and to assess the
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success of pollution reduction following infrastructure improvements at one beach.
Results from Phase I (before remediation) showed that waters sampled at Bahia Beach
(BH) rarely exceeded any of the regulatory FIB limits and no human sources of pollution
were identified. Water samples collected at Ben T. Davis Beach (BTD) frequently did
exceed regulatory FIB limits, and human sources of sewage pollution were identified and
remediated through collaboration with local and state agencies. This effort was followed
by continued sampling to assess the success of remedial actions during Phase II. The
results of this study are applicable to many efforts, including TMDL assessment for
impaired waters and monitoring/regulation of beach use.
Materials and Methods
Sampling strategy
Four sites at Ben T. Davis Beach (BTD, sites 1-4) in Tampa, FL and four sites at
Bahia Beach (BH, sites 1-4) in Ruskin, FL were chosen for sampling following a
contaminant source survey in which potential contributors to contamination were
identified. The GPS coordinates for the sampling sites presented as latitude/longitude are:
BH (N 27º 43’743”/W 082º 28’591”), BTD-1 (N 27º 58’146”/ W 082º 34’502”), BTD-2
(N 27º 58’111”/ W 082º 34’455”), BTD-3 (N 27º 58’063”/ W 082º 34’394”) and BTD-4
(N 27º 58’044”/ W 082º 34’252”). These sites were sampled at approximately monthly
intervals from May 2006 to July 2007 (Phase I - before remediation) for a total of nine
sampling events. Sites at both beaches were several hundred yards apart. Due to a) the
lack of exceedances of regulatory criteria for FIB, b) overall trend of low FIB
concentrations in both water column and sediments, c) similarity of FIB concentrations at
all sites, and d) rare detection of human MST markers, sampling of three sites at BH was
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discontinued during Phase II. All four BTD sites and only one site at Bahia Beach were
sampled further at approximately monthly intervals (September 2007 to June 2008)
during Phase II (after remediation) for seven sampling events.
Grab samples of surface water (3 L) and sediments (~2-3 cm depth, and ~ 50 g
weight) were collected during high tide in sterile containers for FIB enumeration, esp,
HPyVs, and Salmonella spp. analysis. Samples were stored on ice and processed within 4
hours of sampling. One hundred liters of water at each site was filtered for enterovirus
enumeration except on the following dates and sites because of elevated turbidity: 1)
09/05/07, 60.00 L filtered at BTD-2, 74.00 L filtered on BTD-1, 55.97 L filtered at BTD4, and 2) 06/10/08 56.78 L filtered at BTD-4.
FIB concentrations
Water and sediment samples were processed by standard membrane filtration
(0.45 µm pore-size, 47 mm diameter) techniques for enumeration of fecal coliforms
(American Public Health Association, 1999), E. coli (United States Environmental
Protection Agency, 2002b), and enterococci (United States Environmental Protection
Agency, 2002a). Sediment samples were diluted 1:10 in sterile buffered water and
sonicated to release organisms attached to particles according to a previously described
protocol (Anderson et al., 2005; Korajkic et al., 2009). Colonies on plates were counted
and reported as CFU per 100 ml of water or 100 g of sediment (wet weight), respectively.
Pathogen analysis
Culture-based detection of Salmonella spp. in the water and sediments was carried
out only during Phase II. One liter of environmental water and 50 ml of sediment
suspension (prepared as described earlier) were processed by a standard membrane
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filtration technique on nitrocellulose membrane filters (0.45 µm pore-size, 47 mm
diameter). Filters were placed in 100 ml of buffered peptone water (enrichment media)
and incubated for at least 16 h at 37° C (Hill et al., 2002). Next, filters and buffered
peptone water were blended at high speed for 1 min, followed by inoculation of the 10 ml
of blended suspension into 10 ml of double strength Rappaport-Vassiliadis (RV-10)
broth, followed by incubation for 20 h at 43°C (American Public Health Association,
1999; Vassiliadis, 1983). Following incubation, 100 µl of the enrichment was spreadplated on Salmonella-Shigella agar and XLT-4 agar, two selective differential media for
the detection of Salmonella spp. (American Public Health Association, 1999). The
putative Salmonella spp. colonies (defined as colorless colonies with black centers on
Salmonella-Shigella agar, and yellow-red colonies with black centers on XLT-4) were
isolated on Salmonella-Shigella agar and XLT-4 agar as pure cultures for further
processing and confirmation (API 20E system and PCR).
Characteristic isolated colonies were identified biochemically through the API
20E system (Biomerieux, France) and by PCR targeting the invA gene (Rahn et al.,
1992). The results of the API 20E system were interpreted the next day through the use of
ApiWebTM according to manufacturer’s instructions. For whole cell PCR confirmation of
Salmonella spp. a single colony was transferred to a 2 ml tube containing 1 ml of sterile
nanopure water and vortexed vigorously. The suspension was heated in boiling water for
10 min, followed by a 5 min incubation on ice, (Moganedi et al., 2007) and it served as
the template for the PCR reaction. The PCR reagent mixture contained: 25µl of
JumpStartTM DNA polymerase (Sigma-Aldrich, St. Louis, MO), 15 µl nanopure H2O, 2.5
µl (10 mm concentration) of each primer, and 5 µl of template DNA. PCR conditions
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were previously published (Moganedi et al., 2007). Products of the PCR reaction were
visualized by agarose electrophoresis and staining with ethidium bromide. The expected
PCR product size was ~284 bp.
Culturable enteroviruses were measured only during Phase II according to
previously established protocols (American Public Health Association, 1999; United
States Environmental Protection Agency, 2001). Briefly, water was collected in clean
plastic buckets and pH was adjusted to 3.5 with 1M HCl, followed by filtration through a
negatively charged filter (length 10 inches, pore size 0.45 µm) (Pall Corporation,
Timonium, MD). Filters were stored in clear plastic bags overnight at 4°C. The next day
processing of the viral filters was performed in the Tampa Regional Laboratory of the
Florida Department of Health. Briefly, viral particles were eluted with 950 ml of sterile
beef extract (pH 9.5) and allowed to flocculate (United States Environmental Protection
Agency, 2001). Samples were further concentrated by centrifugation and purified by
filtering through 0.80 µm and 0.22 µm filters (American Public Health Association,
1999; United States Environmental Protection Agency, 2001). All samples were
inoculated into Buffalo Green Monkey (BGM) kidney cell lines and incubated and
passaged according to published protocols (American Public Health Association, 1999;
United States Environmental Protection Agency, 2001). During the six-week incubation
period, samples were regularly examined microscopically for cytopathic effects (CPE)
that would indicate presence of enteroviruses.
Microbial source tracking
Sediments and water at BTD and BH were sampled 16 times each for the duration
of the project (both phases). The Ent. faecium esp methodology (culture followed by
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PCR) was performed as previously described (Korajkic et al., 2009; Scott et al., 2005) on
all water and sediment samples. The human polyomavirus (HPyVs) PCR assay targeting
the conserved t-antigen was performed only on water samples according to published
protocol (McQuaig et al., 2006) for the first 9 sampling events (Phase I). In order to
increase sensitivity, a modified assay using a different primer set was used in Phase II of
the project (post- remediation) (Harwood et al., 2009). A positive control for the PCR
assays, BK Virus (VR 837) and Enterococcus faecium (C68) were seeded into water
samples from each site to test for inhibition. Results for MST assays are presented as
frequency of positive results, or the number of samples testing positive for the target
divided by the total number of samples analyzed.
Data analysis
Prior to data analysis, all FIB concentrations were log10 transformed to achieve a
normal distribution of the data. Statistical relationships were considered significant at the
alpha level • 0.05. One-way, repeated measures analysis of variance (ANOVA) followed
by Tukey’s posthoc test (GraphPad InStat software, version 3.00, San Diego, CA) were
used to compare the mean FIB concentrations by site, as well as average log10 reduction
in FIB concentrations between the two phases. The same software was used to assess the
relationship of FIB concentrations isolated from the water column and sediment from the
same site between Phase I and Phase II (two-tailed unpaired t-test). GraphPad was also
used for linear (Pearson) correlation to determine if a statistically significant relationship
existed between cumulative rainfall 1, 3 and 7 days prior to sampling and FIB
concentrations isolated from the water column and sediments. The relationship between
FIB exceedances/non-exceedances, as well as presence/absence of MST markers
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compared by study phase was assessed by the Fisher exact test (two-sided) (GraphPad).
The relationship between FIB from the water column and sediments and
presence/absence of MST markers and pathogens was assessed through binary logistic
regression models (PASW software version 17, SPSS Chicago, IL). Relationships where
the P-value for model chi-square was <0.05 and the confidence interval did not include
one were considered to be significant.
Results
Fecal indicator bacteria concentrations
During Phase I, water samples collected at the more impacted beach, BTD,
exceeded Florida regulatory standards for fecal coliforms (400 CFU/ 100 ml) and
enterococci (104 CFU/ 100 ml) in 58.3% and 50.0 % of samples collected (Figure 6A),
respectively. At the less impacted beach, BH, regulatory standards for both fecal
coliforms and enterococci were exceeded in 13.9% of water samples collected. No
significant difference in mean FIB concentrations among the four sites was detected in
the water column (P value range 0.32 - 0.43) or sediments (P value range 0.08- 0.43) at
BH (data not shown). Thus, sampling efforts at this beach during Phase II were reduced
to one site that had the highest proportion of FIB exceedances (2 out of 9 total samples
collected for both fecal coliforms and enterococci). Levels of FIB recovered from
sediments of both beaches were relatively close to concentrations found in the water
column (Figures 6A and 6B).
There was an overall significant reduction in the frequency of exceedances of
fecal coliform (P < 0.0001) and enterococci (P= 0.0011) regulatory standards at Ben T.
Davis Beach, between the two study periods (before and after remediation) (Figure 6A,
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Table 3). Only 7.1% and 10.7% of samples collected during Phase II were out of
compliance with fecal coliform and enterococci standards, respectively. A statistically
significant reduction of FIB concentrations was observed following remediation in the
water column of most BTD sites, with the exception of BTD-4 (Table 3). Note that P
values for fecal coliform and E. coli at BTD-4 are very close to significant. The average
log10 reduction between Phase I and Phase II FIB concentrations in the water column was
significantly higher for fecal coliforms and E. coli compared to enterococci (Table 3).
Sediment FIB concentrations decreased significantly from Phase I to Phase II at sites
BTD-1 and BTD-4 (Table 4) and in general closely resembled trends observed for the
water column (Figures 6A and 6B). No significant difference in average log10 reduction
was noted for FIB concentrations in sediments (Table 4). The tendency of generally low
FIB concentrations (in water and sediments) persisted during Phase II at the BH site that
was sampled continually (Figures 6A and 6B), where all of the samples collected were
within enterococci regulatory guidelines and only 13.0% exceeded the fecal coliform
standard.
The relationship between cumulative rainfall preceding the sample events (by 1, 3
and 7 days) and FIB concentrations (data from both study phases included) was assessed.
A significant, positive correlation was detected between cumulative rainfall 7 days prior
to sampling and fecal coliform concentrations at BTD-1 (P = 0.0239, r = 0.5606) and
BTD-3 (P = 0.0390, r = 0. 5198). A similar relationship was noted for E. coli
concentrations at BTD-1, 1 day (P = 0.0398, r = 0.5352) and 7 days prior (P = 0.0295, r =
0.5437); however, enterococci concentrations were not correlated with rainfall. FIB data
from all BTD sites were pooled and compared to rainfall, and significant, positive
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relationships were found for fecal coliforms and E. coli with cumulative rainfall 1 day
and 7 days prior to the sampling event; however, enterococci concentrations remained
uncorrelated with antecedent rainfall. No significant correlation was found at BH for any
of the parameters tested.
(Additional data included in Appendix B)
Microbial source tracking
Two PCR methods were employed for MST: one targeting the esp gene of Ent.
faecium, which was performed on all water and sediment samples, and one targeting
HPyVs, which was performed only on water column samples. Both markers were
detected frequently at BTD sites before remediation (frequency of detection for esp at
each site ranged from 0.33-0.56, and from 0.00-0.33 for HPyVs). The highest frequency
of detection occurred at BTD-1 (Table 5). At BH, only the esp marker was detected once
in the water column (Table 5).
Following remediation efforts, a general trend in reduction of MST marker
detection was noted at BTD sites, where the frequency of detection decreased to 0.000.33 and 0.00-0.29, for esp and HPyVs, respectively (Table 5). The highest decline in
MST markers was observed at BTD-1, where the esp marker was detected significantly
less frequently in the water column (P = 0.03). The same significant relationship was
observed for the esp marker when data were combined for sites that were affected the
most by remediation efforts (BTD-1 and BTD-4, P = 0.04). All MST marker detection
continued to be sporadic and rare at BH (Table 5).
The relationship between FIB and MST markers was assessed using binary
logistic regression models. A relatively weak, but significant positive correlation was
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found between fecal coliform concentrations in the water column and presence of the esp
marker (Nagelkerke R2 = 0.11; odds ratio 1.87, χ2 0.01). A similar relationship that was
not quite statistically significant was observed for E. coli concentrations and detection of
esp in the water column (Nagelkerke R2 = 0.13; odds ratio 2.60, χ2 0.07). No relationship
was detected between concentrations of FIB and presence/absence of the HPyVs marker.
(Additional data included in Appendix B)
Pathogen analysis
Testing for culturable Salmonella spp. was performed on all water and sediment
samples, while a culturable enterovirus assay was performed only on water samples.
Assays for both pathogens were performed only in Phase II. No Salmonella spp. colonies
were detected for the duration of the study. An enterovirus, identified as a Coxsackie B4,
was detected at BTD-1 once, during the last sampling event (Table 5). It is noteworthy
that HPyVs were co-detected with enterovirus at the same site during the same sampling
event, which occurred following a major sewage spill less than a mile away (Table 5).
(Additional data included in Appendix B)
Remediation of wastewater infrastructure
Collaborative efforts of the local agencies charged with protection of human and
environmental health (Environmental Protection Commission of Hillsborough County,
Hillsborough County Department of Health, and City of Tampa Stormwater Department)
acted jointly to help identify, repair and remediate the human sources of sewage pollution
identified during Phase I. Actions taken to correct the problems at BTD included: 1)
repairing/replacing sections of the faulty sewer main (BTD-3, BTD-4), 2) removing the
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damaged, abandoned restrooms (which were scheduled to be replaced) (BTD-1) ,and 3)
moving the portable restrooms to the north side of the parking lot and away from the bay
water (BTD-1).
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Table 3. Site-by-site comparison of mean FIB concentrations in the water column for
Phase I vs. Phase II samples (two-tail, unpaired t-test). P values for statistically
significant comparisons are in bold. Means and standard deviations are presented as log10
CFU/100 ml water.

Site
BTDa-1

Organism

Fecal
coliforms
E. coli
Enterococci
BTD-2
Fecal
coliforms
E. coli
Enterococci
BTD-3
Fecal
coliforms
E. coli
Enterococci
BTD-4
Fecal
coliforms
E. coli
Enterococci
a
Ben T. Davis Beach

P value
0.0031

Preremediation
3.08 +/- 1.25

Postremediation
1.28 +/- 0.49

Log10
reduction
1.80

0.0046
0.0011
0.0035

2.73 +/- 1.26
2.32 +/- 0.58
3.13 +/- 0.63

1.04 +/- 0.44
1.21 +/- 0.48
1.94 +/- 0.72

1.69
1.11
1.19

0.0047
0.1444
0.0028

2.95 +/- 0.80
2.22 +/- 0.49
2.51 +/- 0.76

1.62 +/- 0.77
1.78 +/- 0.67
1.41 +/- 0.25

1.33
0.44
1.10

0.0020
0.0422
0.0930

2.25 +/- 0.77
1.79 +/- 0.58
2.59 +/- 1.17

1.03 +/- 0.38
1.07 +/- 0.70
1.71 +/- 0.62

1.22
0.72
0.88

0.0795
0.2861

2.27 +/- 1.09
1.78 +/- 0.97

1.38 +/- 0.70
1.34 +/- 0.48

0.89
0.44
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Table 4. Site-by-site comparison of mean FIB concentrations in the sediments for Phase I
vs. Phase II samples (two-tail, unpaired t-test). P values for statistically significant
comparisons are in bold. Means and standard deviations are presented as log10 CFU/100 g
of sediment (wet weight)
Site

Organism

BTDa-1 Fecal coliforms
E. coli
Enterococci
BTD-2 Fecal coliforms
E. coli
Enterococci
BTD-3 Fecal coliforms
E. coli
Enterococci
BTD-4 Fecal coliforms
E. coli
Enterococci
a
Ben T. Davis Beach

P value
0.0239
0.0023
0.0050
0.1206
0.0841
0.6154
0.2772
0.0807
0.1164
0.2112
0.0320
0.0191

Preremediation
3.23 +/- 1.23
2.73 +/- 1.05
3.04 +/- 0.56
2.84 +/- 0.71
2.48 +/- 1.00
2.58 +/- 0.58
2.28 +/- 1.16
2.19 +/- 1.11
2.49 +/- 0.38
3.26 +/- 1.10
2.82 +/- 0.91
3.25 +/- 0.38
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Postremediation
1.78 +/- 0.98
0.92 +/- 0.84
2.14 +/- 0.50
2.15 +/- 0.98
1.49 +/- 1.11
2.35 +/- 1.15
1.67 +/- 0.96
1.31 +/- 0.62
2.10 +/- 0.56
2.64 +/- 0.63
1.71 +/- 0.94
2.17 +/- 1.51

Log10
reduction
1.45
1.81
0.90
0.69
0.99
0.23
0.61
0.88
0.39
0.62
1.11
1.08

Table 5. Comparison of MST markers and pathogen (esp, HPyV, and total culturable
enteroviruses) frequency distribution in the water column and sediments between Phase I
pre-remediation and Phase II post-remediation remediation samples. Salmonella was not
detected.
Site

Pre-remediation
Post-remediation
esp
HPyV esp
esp
HPyV TCEa
Water
Water Sediment Water Water Water
BH
0.11
0.00
0.00
0.00
0.14
0.00
BTD-1 0.56
0.33
0.44
0.00
0.14
0.14
BTD-2 0.44
0.00
0.22
0.43
0.00
0.00
BTD-3 0.33
0.11
0.22
0.14
0.29
0.00
BTD-4 0.33
0.22
0.11
0.14
0.29
0.00
a
Total culturable enteroviruses (TCE) performed only in Phase II
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esp
Sediment
0.14
0.14
0.14
0.14
0.14

5
4.5

log10 CFU/100 ml

4
3.5
3
2.5
2
1.5
1
0.5
0
BH

BTD-1

BTD-2

BTD-3

BTD-4

Sites

Figure 6A. Mean FIB concentrations (log10 CFU/100 ml) in the water column samples
by site. Error bars represent standard deviations. Means represent 9 samples collected
before remediation, and 7 after. Site abbreviations (x-axis): BH-Bahia Beach, BTD- Ben
T. Davis Beach (sites 1-4). FIB concentrations before remediation are represented by:
fecal coliforms ( ); E. coli ( ); enterococci ( ). Symbols represent FIB concentrations
after the remediation: fecal coliforms (•); E. coli (•); enterococci (•).
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5
4.5
4
log10 CFU/100g

3.5
3
2.5
2
1.5
1
0.5
0
-0.5

BH

BTD-1

BTD-2

BTD-3

BTD-4

Sites

Figure 6B. Mean FIB concentrations (CFU/100 g of wet weight) in sediment samples by
site. Error bars represent standard deviations. Means represent 9 samples collected before
remediation, and 7 after. Site abbreviations (x-axis): BH-Bahia Beach, BTD- Ben T.
Davis Beach (sites 1-4). FIB concentrations before remediation are represented by: fecal
coliforms ( ); E. coli ( ); enterococci ( ). Symbols represent FIB concentrations after
the remediation: fecal coliforms (•); E. coli (•); enterococci (•).
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Discussion
Microbial source tracking methods have been employed with increasing
frequency over the last decade to discriminate between human and non-human pollution
sources (Ahmed et al., 2008b; Bernhard & Field, 2000a; Graves et al., 2007; Harwood et
al., 2009; Korajkic et al., 2009; McQuaig et al., 2006; Noble et al., 2006). Source
identification, however, must be followed up by implementation of corrective actions if
improvements in water quality are to be achieved.
Data from Phase I indicated that human fecal pollution affected water quality at
BTD beach, as evidenced by frequent exceedances of FIB regulatory standards and
recurrent detection of human associated MST markers. Greater frequency of MST marker
detection at sites BTD-1, BTD-3 and BTD-4, along with a contaminant source survey
identified several contributors to the poor water quality. Corrective actions (described in
the Remediation section of the Results) addressed these sources and resulted in a
significant decrease in regulatory standard exceedances and detection of MST markers
during Phase II. Even though remedial actions were successful for improving water
quality, sporadic sewage leaks still plague the BTD area due to aging sewer
infrastructure. In May 2008 (during Phase II), a large sewage spill (~250,000 gallons)
occurred in resulting in the co-detection of enterovirus (Coxsackie B4) and HPyVs at
BTD-1 during the last sampling event.
An earlier study determined that FIB reservoirs in the sediments of stormwater
systems can have a negative impact on receiving waters during rain events (Brownell et
al., 2007). Several other studies also documented detrimental effects of stormwater and
rainfall run-off on water quality in receiving waters (Marino, 1991; Shehane et al., 2005;
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Ahn et al., 2005; Noble et al., 2003b). Comparison between FIB concentrations in the
water column and cumulative rainfall prior to sample event detected significant positive
relationships, indicating that stormwater runoff is impacting water quality at Ben T.
Davis Beach (sites 1 and 3). It is interesting that the rainfall-FIB relationship was not
consistent among all FIB types, i.e. fecal coliform and E. coli concentrations were
correlated while enterococci were not. This finding highlights the influence of the
physiology and ecology of FIB on their relationship with environmental parameters. No
impact of rainfall on water quality at the control site, Bahia beach, was observed. Unlike
BTD, which has a major stormwater outfall, ditch systems and a stormwater swale
structure that channel runoff toward the beach, BH has fewer such structures and is also
surrounded by less impervious surfaces (e.g. parking lots).
Interestingly, FIB concentrations quantified in sediments in our study were quite
similar to FIB concentrations in the water column. This finding contrasts with those of
previous studies, which generally found FIB in sediments to be 1-3 orders of magnitude
higher compared to the overlaying water column (Korajkic et al., 2009; Wapnick, 2007;
Kinzelman et al., 2004; Solo-Gabriele et al., 2000; Brownell et al., 2007; Badgley et al.,
2010). This difference underlines the effects of regional hydrology and topography
characteristics on FIB ecology in aquatic environments, and it reinforces the fact that
broad generalizations about these environments are unwise.
This study is among the first to employ MST methods to conclusively identify a
pollution source and also report on the successful effects of remediation actions. Other
such case studies include (Kinzelman, 2009; Dickerson et al., 2007; Hagedorn et al.,
1999). In all cases, pollution source(s) were identified and ranged from cattle (Hagedorn
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et al., 1999), to faulty sewer infrastructure (Dickerson et al., 2007), to FIB loading from
stormwater outlets and re-suspensions of FIB from beach sediments (Kinzelman, 2009).
Corrective actions undertaken (restricting cattle access, sewage infrastructure repairs,
redesign of a major stormwater outlet, and improved beach grooming strategies) were
successful as evidenced by improvement in microbial water quality and reduced beach
closures (Dickerson et al., 2007; Kinzelman, 2009; Hagedorn et al., 1999). The
successful outcomes of our study and the above mentioned case studies emphasize the
importance of collaborative efforts where scientific tools are utilized to assess
recreational water quality and identify pollution sources, and local governments are
involved in the remediation attempts to restore the watershed to their original intended
use.
It has been established through previous studies that FIB alone are not adequate
predictors of pathogen presence (Anderson et al., 2005; Craig et al., 2003; Field &
Samadpour, 2007; Harwood et al., 2005). The data collected during this study strongly
indicate that human fecal pollution was affecting water quality at all sites at Ben T. Davis
beach, while Bahia Beach acted as a negative control site. This work signifies that the
combination of an effective contaminant source survey, FIB enumeration, MST
techniques, and pathogen analysis can provide valuable insight into the pollution sources
affecting water quality, and that collaboration with local agencies can result in a timely
remediation of impacted watersheds.
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PROTOZOAN PREDATION IS A DOMINANT DETERMINANT OF ESCHERICHIA
COLI PERSISTENCE IN ENVIRONMENTAL WATERS

Abstract
Escherichia coli are fecal indicator bacteria (FIB) used to assess recreational water
quality worldwide. Several factors were shown in other studies to affect their survival in
aquatic habitats, but the magnitude of each factor’s contribution is uncertain. The goal of
this work was to systematically compare the influence of selected parameters (exposure
to sunlight, freshwater vs. seawater, the presence of protozoa and sediments) on the
survival of E. coli strains of known origin in outdoor mesocosms. Incubation periods
ranged from 9 -15 days, and samples for enumeration of culturable E. coli were collected
approximately every other day. In mesocosms lacking protozoa, extended survival was
noted in the sediments vs. the water column, as well increased persistence in freshwater
compared to seawater habitats. Inclusion of indigenous pond protozoa in freshwater
mesocosms caused a much more rapid decline in E. coli populations vs. mesocosms
without protozoa, particularly in the water column. Native protozoa also affected the
decline of E. coli concentrations in seawater mesocosms, where no culturable organisms
were detected in the water column after 5 days. Significantly higher E. coli densities were
maintained in sediments compared to the water column, particularly in seawater,
underscoring their importance as a refuge and potential reservoir of these organisms. The
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relative magnitude of the protozoan predation in the water column of freshwater
mesocosms was dependent on the matrix characteristics, signifying that factors affecting
FIB survival in the water column and sediments are dissimilar. Freshwater vs. saltwater
habitat exerted more pressure on the survival of culturable organisms in the sediments,
emphasizing the intrinsic effects of different habitats on FIB survival.
Introduction
Direct quantification of disease-causing bacteria and viruses is time consuming
and expensive, and it is virtually impossible to test for all possible pathogens in a water
body. Instead, microbiological quality of recreational waters in Florida and across the US
is assessed by enumeration of culturable fecal indicator bacteria (FIB) including fecal
coliforms, Escherichia coli, and enterococci (Florida Administrative Code, 1998; United
States Environmental Protection Agency, 1986; United States Environmental Protection
Agency, 2002b; United States Environmental Protection Agency, 2002a). Normally a
commensal, non-pathogenic organism, E. coli is shed in feces of humans and many other
warm and cold-blooded animals along with enteric pathogens (Harwood et al., 1999;
Harris, 1932; Geldreich, 1978; Varga & Anderson, 1968; Pourcher et al., 1991). A high
degree of genetic similarity to important enteric pathogens belonging to the genera
Salmonella and Shigella (Fukushima et al., 2002; Pupo et al., 2000; Wang et al., 2001)
makes it a particularly useful model organism.
Ideally, FIB should provide a warning that fecal contamination of waters by
human-derived sewage has recently occurred, and their presence should correlate with the
presence of human pathogens in the water. However, studies investigating the validity of
FIB paradigm found extended survival exhibited by E. coli in environmental waters and
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sediments to be one of the factors confounding the usefulness and interpretation of the
current water quality guidelines (Anderson et al., 2005; Byappanahalli & Fujioka, 1998;
Desmarais et al., 2002; Davies et al., 1995; Obiri-Danso & Jones, 1999; Solo-Gabriele et
al., 2000; Goyal et al., 1977; Fish & Pettibone, 1995; Sherer, 1992; Rhodes & Kator,
1988). In particular, sediments have been implicated as a refuge and a potential reservoir
for FIB in a variety of climates and environments (Byappanahalli et al., 2003; Fazi et al.,
2008; Ishii et al., 2007; Kinzelman et al., 2004; LaLiberte & Grimes, 1982; Obiri-Danso
& Jones, 1999; Tunnicliff & Brickler, 1984; Whitman et al., 2003; Anderson et al., 2005;
Buckley et al., 1998).
While extended persistence and even potential replication of FIB in the
environment are well documented, there is no clear consensus on the relative magnitude
of the detrimental factor(s) responsible for their ultimate decline. Several abiotic factors,
chief among them sunlight irradiation, have been suggested as a possible mechanism
responsible for the decline of E. coli concentrations in ambient waters. The germicidal
properties of UV radiation in sunlight were recognized early on (Gameson & Saxon,
1967; Downes, 1877), and later studies documented rapid declines of E. coli and other
organisms in oxygen rich, shallow, marine waters in the absence of sediments (DaviesColley et al., 1994; Fujioka et al., 1981; Sinton et al., 1994; Sinton et al., 1999).
Inactivation rates were slower in freshwater (e.g. organisms survived for longer periods
of time) compared to marine waters (Fujioka & Narikawa, 1982; Davies & Evison, 1991;
Sinton et al., 2007; Sinton et al., 2002).
Protozoan predation is one of the most important biotic factors influencing E. coli
survival in the environment; the relative importance of bacterivorous protozoa grazing is
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the highest in productive waters (e.g. ponds and surface marine waters) (Beardsley et al.,
2003; Sherr et al., 1988; Nakano et al., 1998). Protozoan predation was found to be
responsible for up to 90% removal of E. coli in the laboratory mesocosm studies, in fresh
and marine waters alike (Anderson, 1986; Menon et al., 1996; Menon et al., 2003).
Recorded bacterial mortality rates in the presence of protozoa were relatively high,
reaching 34 x 10-3 per hour (Menon et al., 2003). It was even suggested that the inverse
relationship between temperature and FIB survival observed in the environment is due to
protozoa, since these organisms have higher abundance and better feeding efficiency at
warmer temperatures (An et al., 2002; Anderson et al., 1983; McCambridge &
McMeekin, 1980; Sherr et al., 1988; Barcina et al., 1991; Cleven, 2004b; Cleven, 2004a;
Fernandez-Leborans & Fernandez-Fernandez, 2002).
While the synergistic action of sunlight inactivation and protozoan predation were
shown to be more effective at E. coli inactivation than either factor alone (McCambridge
& McMeekin, 1981; Rhodes & Kator, 1990), persistence of FIB in the environment is
influenced by a complex array of biological and physico-chemical parameters (Rhodes &
Kator, 1988). Environmental conditions are hard to simulate, and direct comparisons and
interpretation of the results is further confounded by a variety of experimental designs
(McFeters & Terzieva, 1991).
The objective of this study was to methodically compare the influence of selected
parameters (sunlight, freshwater vs. seawater, presence of protozoa and sediments, and
variation in individual strains) on the survival of culturable E. coli in outdoor mesocosms,
mimicking environmental conditions as closely as possible. To the best of our
knowledge, our study is a unique effort to systematically quantify the effect of singular,
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as well as combination of these environmental parameters on variances in E. coli
concentrations incubated under ambient conditions in warm subtropical climates. Our
results indicate that in warm, subtropical climates, the presence of protozoa is among the
dominant determinants of E. coli persistence in freshwater and estuarine aquatic habitats.
Materials and Methods
Sampling sites and sample treatment
Water and sediment samples used to construct mesocosms were collected at the
following locations: Ben T. Davis Beach (for all seawater mesocosms), Hillsborough
River and a pond at University of South Florida (Tampa, FL) grounds for freshwater
mesocosms (Table 6). Salinity measurements at these sites were as follows: 24 ppt (Ben
T. Davis), 0.22 ppt (Hillsborough River) and 0.26 ppt (pond). Water and sediment
samples from each site were collected in shallow waters (~ 20-30 cm depth) from swash
zone of the beach, and river/pond banks. Approximately 20 liters of water and 15 kg of
sediments from each location were collected into sterile containers and large debris (e.g.
leaves, branches) was manually removed. Water and sediment samples for non-protozoa
containing mesocosms were filter sterilized (0.45 µm and 0.22 µm pore size) and heat
dried, respectively to remove indigenous organisms. Removal efficiency was tested by
filtering 100 ml of water and 50 ml of sediment suspension on mTEC media and by
spread-plating 100 µl of each on TSA (tryptic soy agar). Only water and sediments in
which no culturable organisms were detected were used. For the protozoa-containing
mesocosms, water and sediment samples were collected from the pond and Ben T. Davis
Beach one day prior to inoculation, and were held at 4 ºC overnight. At the time of
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inoculation, untreated water and sediments contained negligible (0-10 CFU/ 100 ml or gwet weight) concentrations of indigenous E. coli.
Mesocosm preparation
Three mesocosm experiments were conducted in July 2009 and March and April
2010. Each of the three mesocosms series contained both water and sediment (Table 6)
and were exposed to sunlight. The July 2009 series consisted of 30 individual mesocosms
divided into two treatments: 15 for freshwater (Hillsborough River) and 15 for seawater
(Ben T. Davis beach) (Table 6). For each treatment, five different E. coli strains were
inoculated individually into triplicate mesocosms, none of which contained protozoa.
Mesocosms were incubated for 15 days, and samples were collected immediately after
inoculation (T0), daily for 3 days (T1-T3), and every other day until the end of the
experiment (Table 6). The cumulative average of mean daily ambient temperatures
during 15 days incubation was 27.8 +/- 1.2 º C.
Mesocosm series conducted in March and April 2010 consisted of ten mesocosms
each, divided into two treatments (protozoa versus no protozoa) with five replicates
(Table 6). Water and sediments were collected at USF pond (March experiment) and Ben
T. Davis Beach (April experiment). Both sets of mesocosms were inoculated with a
mixture of five different E. coli strains. Mesocosms were incubated for 9 days total, and
samples were collected at T0 and T1, and every other day thereafter (Table 6). The
cumulative averages of mean daily ambient temperatures during 9 days incubation were
16.75 +/- 4.20 º C and 22.49 +/- 1.21 º C during the March and April experiments,
respectively.
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For all of the experiments, mesocosms were constructed in 1.5 liter borosilicate
glass beakers, and filled with approximately 3-3.5 cm of sediment (by depth) and one
liter of water. All beakers were covered with translucent ziplock bags to prevent crosscontamination by rodents, insects and rainfall. Beakers were placed in large plastic bins
filled with municipal tap water (~ 3 cm below the rim of the beakers) to moderate
temperature fluctuations, and were incubated outdoors in the Botanical Gardens at
University of South Florida Tampa campus.
E. coli strains
All mesocosms contained the following E. coli strains: MG1655, ATCC 8739,
SMS-35, HS and WW6 (isolated from final effluents of Marshall Street wastewater
treatment plant in Clearwater, FL). Strain selection was governed by the diverse
backgrounds of individual organisms. E. coli MG1655 and ATCC 8739 are both K-12
descendents commonly used as control strains for a variety of assays (Blattner et al.,
1997). Strain HS is commensal inhabitant of human gastrointestinal tract (Levine et al.,
1978), while SMS-35 was isolated from soil contaminated with heavy metals (Fricke et
al., 2008). Both of these strains were kindly provided by Dr Jacques Ravel of the Institute
for Genome Sciences. All strains were streaked for isolation on TSA and incubated
overnight at 37 º C. The next day, one colony from each TSA plate was aseptically
transferred into 5 ml of TSB (tryptic soy broth) and incubated overnight at 37 ºC.
Following incubation, 1 ml of TSB suspension was centrifuged at 14 000 rpm for 3 min,
followed by two successive washing steps in 1 x PBS (8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L
Na2HPO4, 0.24 KH2PO4, pH 7.4) and final resuspension in 1 ml of 1 x PBS. One
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milliliter of bacterial suspension was inoculated in water column and sediments of each
mesocosms, stirred and allowed to settle prior to T0 sample collection.
E. coli enumeration
Decimal dilution series of samples were prepared in sterile buffered water (0.0425
g/ L KH2PO4 and 0.4055 g/L MgCl2; pH 7.2) and processed by standard membrane
filtration methods (0.45 µm pore-size, 47 mm diameter) (United States Environmental
Protection Agency, 2002b). Escherichia coli from water and sediment samples was
enumerated on mTEC media at 35oC for 2 h, followed by 22 h incubation at 44.5 o C
(United States Environmental Protection Agency, 2002b). Sediment samples were first
diluted 1:10 with sterile buffered water and shaken by hand for 2 min. to disassociate
bacteria from sediment particles, followed by membrane filtration of the supernatant.
Several dilutions prepared in the sterile buffered water were processed for each sampling
point. Colonies were counted on plates, and concentrations were adjusted for the dilution
factor, and reported as log10 CFU/100 ml or log10 CFU/100 grams (wet weight) for water
and sediment samples, respectively.
Data analyses
All E. coli concentrations were log10 transformed and normalized to 100 ml or
100 g (wet weight) for water column and sediments, respectively before data analysis.
Decrease of culturable organism concentrations over time is presented as log10 reduction,
calculated by subtracting initial concentration from the final (in case of overall
reduction), or concentration recovered from the earlier time point minus concentration
recovered from some specified time point later in the experiment. In some cases,
culturable organisms were not detected after a certain time point, therefore log10
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reduction was calculated by subtracting initial concentration from the last time point
when culturable organisms were detected. For the statistical analyses described below for
March and April experiments, log10 reductions were calculated for the fifth day of
incubation (T5). The reason for this is the lack of detection of culturable organisms at T7
and T9 in the water column of both freshwater and seawater mesocosms containing
protozoa. In addition, for July mesocosms, analysis (one-way ANOVA) was conducted
for reduction value calculated at both T5 and T15, since culturable E. coli were recovered
from some replicates of all treatments for the duration of the experiment.
One way analyses of variance (ANOVA) with Tukey-Kramer post hoc tests for
significance (GraphPad InStat software version 3.00 for Windows, San Diego, CA) were
used to assess the relationships between E. coli log10 reduction in: a) different matrices
(water, sediment), and b) different mesocosm treatments (freshwater/seawater, protozoa
present/absent) (Table 6). The effects of different independent variables, as well as
interaction of variables on E. coli log10 reduction calculated at T5 were evaluated using
two-way ANOVA (GraphPad Prism software version 5.00 for Windows, San Diego, CA)
(Table 6). Analyses were organized in a 2 x 2 block design, with protozoa
presence/absence variables presented in columns, and water/sediment or
freshwater/seawater variables in rows. The contribution of each row variable to the
observed differences in column means was assessed by Bonferroni post-hoc tests with
95% confidence intervals. Analyses were conducted by comparing log10 reduction values
in: a) water column of freshwater/seawater mesocosms with and without protozoa, b)
sediments of the same treatments, c) between water column and sediments of freshwater
mesocosms with and without protozoa, and d) same comparisons in seawater mesocosms.
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Results
Differential survival of E. coli
The aim of the initial mesocosm series conducted in July 2009 was to assess
differential survival of 5 E. coli strains (different responses of the various strains in terms
of survival in the mesocosms) by enumeration of culturable concentrations in two
matrices (water and sediments) and under different environmental conditions (freshwater
and seawater) during a 15 day incubation period (Table 6). Indigenous organisms from
water and sediment used to construct mesocosms were removed, and mesocosms were
incubated outdoors, exposed to ambient temperatures and direct sunlight UV irradiation.
While differential survival was observed among the strains tested (data presented in
Appendix C; Figures C1-C5), it was also noted that under all conditions culturable
concentrations remained much higher than expected, with no appreciable decline until the
fifth day of incubation. Additional experiments (data not shown) were conducted
comparing the persistence of starved cells (incubated in 1 x PBS for 72 hours prior to
inoculation) to non-starved (preparation utilized for mesocosms described above) over
time under the same conditions. The lack of differences in E. coli concentrations over
time between the two treatments indicated that physiological state was not responsible for
the extended survival. Furthermore, supplementary experiments (data not shown)
explored potential blockage of sunlight irradiation by translucent zip-lock bag by
comparing E. coli persistence in covered versus uncovered mesocosms over time. No
significant difference in bacterial survival between the two experiments ruled out
blockage of sunlight irradiation as a contributing factor. These observations led to further
investigations focusing on the effects of protozoan predation on culturable E. coli
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concentrations in environmental waters and sediments because all indigenous microbiota
were removed from the experiments described above, and survival times for E. coli in
these mesocosms was much longer than expected. For this reason, data from the July
2009 mesocosm series is presented as an average of data from all strains, and survival is
addressed from the standpoint of matrix (water versus sediment) and treatment conditions
(freshwater versus seawater).
Survival of mixed E. coli population without protozoa
During the first three days of the experiment, there was no appreciable decline of
culturable E. coli concentrations under any of the conditions tested (Figure 7). The
averages of log10 transformed culturable concentrations for T0 through T3 were as
follows: water column (freshwater: 8.31 +/- 0.18; seawater 7.90 +/- 0.24) and sediments
(freshwater: 7.98 +/- 0.10; seawater 7.51 +/- 0.18). In the water column of both freshwater
and seawater mesocosms, the largest decline occurred from T5 to T7, measuring 3.03 +/0.11 and 3.26 +/- 0.23 log10 reductions, respectively (see Materials and Methods; Data
Analyses). For the remainder of the experiment, the decrease in culturable concentrations
in the water column continued, with the overall log10 reduction of 7.56 +/- 0.33 and 7.79
+

/- 0.20, for freshwater and seawater, respectively (Figure 7). In the freshwater sediments,

the decline of culturable organisms was not as abrupt, but followed a more gradual
pattern, with the largest log10 reduction (1.65 +/- 0.24) occurring between T11 and T13,
and an overall reduction of 3.49 +/- 0.32 log10 (Figure 7). In the seawater sediments, the
decline was more pronounced and daily log10 reduction values ranged from 0.43 – 1.20,
with the overall reduction of 4.70 +/- 0.70 (Figure 7).
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Log10 reductions calculated at T5 and T15 in the water column of freshwater and
seawater mesocosms, as well as between water column and sediments of the same
mesocosm type were compared by one-way ANOVA (Tables 7A and 7B). The results
demonstrated that E. coli survival in sediments is significantly greater when compared to
the water column in seawater mesocosms (P < 0.001) (Table 7A). In freshwater
mesocosms, this trend is less apparent at T5 (P > 0.05), compared to T15 (P < 0.001)
(Table 7A). Greater persistence of E. coli was measured in freshwater compared to
seawater (P value range < 0.05 – < 0.001), for both water column and sediments (Table
7B). In both matrices, values of log10 reduction for the water column and sediments
between freshwater and seawater mesocosms were less different at T15 compared to T5
(Table 7B). The overall log10 reduction followed the same general pattern: seawater water
column (7.80 +/- 0.20) > freshwater water column (7.56 +/- 0.33) > seawater sediments
(4.70 +/- 0.70) > freshwater sediments (3.50 +/- 0.32).
Freshwater mesocosms with and without protozoa
The effect of protozoan predators on persistence of culturable E. coli
concentrations in freshwater (water and sediments) was investigated during a March 2010
study (Table 6). Both experimental treatments contained the same E. coli inoculum,
consisting of a mixture of all 5 strains. A large overall decrease (4.90 +/- 0.14 log10
reduction) of culturable E. coli concentrations in the water column was observed in
protozoa-containing mesocosms after a 5-day incubation period (Figure 8) and was
followed by a leveling-off of E. coli concentrations during the last two days (T7, T9)
(Figure 8). A similar decline was not observed for the matching mesocosms lacking
protozoa, where E. coli concentrations remained relatively unchanged during the first
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three days (7.15 +/- 0.11 log10 CFU/100 ml) followed by a slower decline of less than one
order of magnitude per day (T5-T9) and the log10 reduction was 0.47 +/- 0.22 at T5
(Figure 8). A comparison of E. coli log10 reduction in the water column of mesocosms
with and without protozoa showed that those with protozoa experienced significantly
more rapid declines (P < 0.001) concentrations of culturable bacteria (Table 8).
Population dynamics were different in the sediments of protozoa-containing
mesocosms, where a considerably smaller decrease (log10 reduction of 1.57 +/- 0.21) was
observed compared to the water column after 5 days (Figure 8). However, in the
mesocosms lacking protozoa, concentrations remained largely unchanged (7.21 +/- 0.07
log10 CFU/100 g) for the duration of the experiment (Figure 8). The observed difference
in decrease of culturable E. coli concentrations between protozoa-containing and
protozoa-deficient mesocosms over time was statistically significant (P < 0.001) (Table
8). Furthermore, the decline of E. coli concentrations in the water column of both
mesocosms with and without protozoa were significantly lower compared to the sediment
concentrations (P = 0.001) (Figure 8).
Seawater mesocosms with and without protozoa
A mesocosm experiment conducted during April 2010 utilized essentially the
same experimental design with respect to the E. coli inoculum and presence/absence of
protozoan predators as the March 2010 experiments (Table 6). The only difference
between the two was in the source of water and sediments (freshwater vs. seawater).
Culturable E. coli concentrations in the water column of mesocosms with
protozoa followed a precipitous decline of 2 - 4 orders of magnitude per day during the
first three days (T0-T3), and no culturable organisms were detected during the last two
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sampling points (T7 and T9) (Figure 9). In the mesocosms lacking protozoa, culturable E.
coli population exhibited a gradual initial decline of less than one order of magnitude
(T0-T3), followed by a more pronounced decrease in concentrations between T3 and T5
(Figure 9). Comparisons of log10 reduction of culturable E. coli at T5 in mesocosms with
and without protozoa, revealed significantly greater population declines when protozoa
were present (P = 0.001) (Table 8).
Concentrations of culturable E. coli in the sediments of protozoa-containing
mesocosms exhibited approximately one order of magnitude decline per day, resulting in
an overall decrease of 3.24 +/- 0.31 log10 at T5 (Figure 9). Conversely, in the mesocosms
lacking protozoa, E. coli populations declined slightly more than one order of magnitude
over 5 days (1.75 +/- 0.20 log10 reduction at T5) (Figure 9). Differences in the log10
reductions of E. coli between the two treatments were statistically significant (P < 0.001)
(Table 8). Comparison of log10 reductions of E. coli populations between matrices (water
and sediment) at T5 was extremely significant (P < 0.001) for both protozoa-containing
and protozoa deficient mesocosms (Figure 9).
The decrease in log10 reductions matched by matrix type (water or sediment) and
presence/absence of protozoa were compared between freshwater and seawater
incubation conditions. In general, log10 reductions in freshwater were significantly less
than in seawater (P < 0.001) (Table 9).
Effect of protozoa
The magnitude of the effect of protozoan predation on E. coli persistence in the
water column and sediments of freshwater and seawater mesocosms, as well as the
contribution of the water salinity and matrix to the difference in log10 reduction at T5 was
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assessed by two-way analysis of variance. Log10 reductions in the water column of fresh
and seawater mesocosms were compared between mesocosms with and without protozoa.
Protozoan presence was extremely significant (P < 0.0001) and responsible for 46.6 % of
the total variance in both types of mesocosms (Table 10, Figure 10A). Seawater vs.
freshwater also significantly affected log10 reductions (P < 0.0001), although it
contributed slightly less to total variance (43.8 %) (Table 10, Figure 10A). The
differences between population declines over time in the presence and in the absence of
protozoa in the water column of both freshwater and seawater mesocosms were
statistically significant (P < 0.001) (Table 10, Figure 10). Interaction of the two variables
accounted for the smallest percent variation (9.25 %), but it did significantly affect the
outcome (P < 0.0001) (Table 10).
The same comparison was used to assess differences in log10 reduction of E. coli
isolated from sediments of freshwater and seawater mesocosms, with and without
protozoa. Overall, interaction of the two variables (protozoa presence/absence and
salinity) did not contribute significantly to the variance between data sets (P = 0.2951)
(Table 10, Figure 10B), but protozoa presence alone did have a significant effect (P <
0.0001) that accounted for 43.4 % of total variation (Table 10, Figure 10B). Seawater
habitat alone had an even greater effect (P < 0.0001) on differences in reduction of E. coli
concentrations, contributing 53.9 % to total variation (Table 10, Figure 10B). The
differences between protozoa presence/absence treatments on reduction in E. coli
populations were significant in both freshwater and seawater sediments (P < 0.001)
(Table 10).
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The effect of matrix (water column and sediments) on differences in reduction of
E. coli between protozoa-containing and protozoa-deficient mesocosms was compared
separately for the freshwater and seawater series using the same analytical tool (Table 11,
Figures 11A and 11B). In freshwater, interaction of variables (water versus sediment,
protozoa presence/absence) was significant (P < 0.0001), accounting for 12.3% of overall
variance. Each variable alone also significantly affected the decrease in populations (P <
0.0001) contributing 61.7% (protozoa presence/absence) and 25.4% (water
column/sediment) to the total variance (Table 10, Figure 11A). Overall, protozoa
presence was an extremely important contributor to decline of culturable populations in
both, water column and sediments (P < 0.001), (Figure 11A).
In the seawater mesocosms, the interaction of variables (water versus sediment,
protozoa presence/absence) did not significantly affect log10 reduction of E. coli (P =
0.2462) (Table 11, Figure 11B). However, protozoa presence did account for 20% of
variability (P < 0.0001) and this effect was significant in both water column and
sediments (P < 0.001) (Table 11). Characteristics of the matrix (water column,
sediments) had the greatest contribution to variance (78.9% at P < 0.0001) (Table 11,
Figure 11B).

137

Table 6. Experimental design: mesocosm characteristics, treatments, sampling schedule and data analyses
Series

Treatment

July 2009

Freshwater
(no protozoa)
Seawater
(no protozoa)

Matrix and
inoculum

Water and
sediment;
five E. coli
strains in
individual
mesocosms
March 2010 Protozoa
Water and
(freshwater) No protozoa
sediment;
five E. coli
April 2010
Protozoa
strains
(seawater)
No protozoa
combined in
mesocosms
a
Three replicates for each strain

Replicates
per
treatment
3a

Length of
incubation
(days)
15

5

9
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Total
samples
collected
10

6

Data analyses

One-way
ANOVA

One and twoway ANOVA

Table 7. Protozoa Absent: Comparison of E. coli log10 reduction in freshwater and
seawater mesocosms without protozoa. Water column (log10 CFU/100 ml) and sediment
(log10 CFU/100 g, wet weight) reduction values calculated at T5 and T15 for three
individual replicates and compared by one-way ANOVA with Tukey- Kramer post-tests
A. Water vs sediment
Water
log10 reduction +/- SD
T5
T15
a
+
F
0.32 /- 0.24 7.56 +/- 0.33
Sb 2.91 +/- 0.19 7.90 +/- 0.20
a
Freshwater
b
Seawater

Sediment
log10 reduction +/- SD
T5
T15
+
0.11 /- 0.01 3.50 +/- 0.32
1.23 +/- 0.05 4.70 +/- 0.70

P value

Seawater
log10 reduction +/- SD
T5
T15
2.91 +/- 0.19 7.90 +/- 0.20
1.23 +/- 0.05 4.70 +/- 0.70

P value

T5
T15
>0.05 < 0.001
<0.001 < 0.001

B. Freshwater vs seawater
Freshwater
log10 reduction +/- SD
T5
T15
Wa 0.32 +/- 0.24 7.56 +/- 0.33
Sb 0.11 +/- 0.01 3.50 +/- 0.32
a
Water
b
Sediment
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T5
< 0.001
< 0.001

T15
< 0.05
< 0.05

Table 8. Protozoa Present vs. Absent: Comparison of E. coli log10 reduction in
freshwater and seawater mesocosms with and without protozoa. Water column (log10
CFU/100 ml) and sediments (log10 CFU/100 g, wet weight) reduction values calculated at
T5 for five individual replicates and compared by one-way ANOVA with Tukey- Kramer
post-tests
Matrix

No protozoa
Protozoa
log10 reduction
log10 reduction
+
+
/- SD
/- SD
Freshwater Water column 0.47 +/- 0.22
4.90 +/- 0.14
Sediments
- 0.12 +/- 0.11
1.57 +/- 0.21
Seawater
Water column 4.81 +/- 0.10
6.51 +/- 0.14
+
Sediments
1.75 /- 0.18
3.24 +/- 0.31
a
negative value indicates increase in concentrations
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P value

< 0.001
< 0.001
< 0.001
< 0.001

Table 9. Fresh Water vs. Salt Water: Comparison of E. coli log10 reduction in
mesocosms with and without protozoa between freshwater and seawater mesocosms.
Water column (log10 CFU/100 ml) and sediments (log10 CFU/100 g, wet weight)
reduction values calculated at T5 for five individual replicates and compared by one-way
ANOVA with Tukey-Kramer post-tests
Treatment

Matrix

Freshwater
log10 reduction
+
/- SD
Protozoa
Water
4.90 +/- 0.14
Sediment
1.57 +/- 0.21
No protozoa
Water
0.47 +/- 0.22
Sediment
- 0.12 +/- 0.11
a
negative value indicates increase in concentrations
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Seawater
log10 reduction
+
/- SD
6.51 +/- 0.14
3.24 +/- 0.31
4.81 +/- 0.10
1.75 +/- 0.18

P value

< 0.001
< 0.001
< 0.001
< 0.001

Table 10. Comparison of the effects of protozoa presence and freshwater vs. seawater
habitats on E. coli log10 reduction values in the water column (log10 CFU/100 ml) and
sediments (log10 CFU/100 g, wet weight). Log10 reduction values calculated at T5 for five
individual replicates and compared by two-way ANOVA with Bonferroni post-tests

Water column

Sediments

a
b

Source of variation
Interaction
Fresh vs salt
Pa vs NPb

% of total variation
9.25
43.8
46.6

P value
< 0.0001
< 0.0001
< 0.0001

Interaction
Fresh vs salt
Pa vs NPb

0.18
53.9
43.4

0.2951
< 0.0001
< 0.0001

Protozoa present
Protozoa absent
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Post-tests
Pa vs NPb
Freshwater
P < 0.001
Seawater
P < 0.001
Pa vs NPb
Freshwater
P < 0.001
Seawater
P < 0.001

Table 11. Comparison of the effects of protozoa presence and matrix characteristics on
E. coli log10 reduction values in freshwater and seawater mesocosms. Water column
(log10 CFU/100 ml) and sediments (log10 CFU/100 g, wet weight) reduction values were
calculated at T5 for five individual replicates and compared by two-way ANOVA with
Bonferroni post-tests.

Freshwater

Seawater

a
b

Source of variation
Interaction
Water vs sediment
Pa vs NPb

% of total variation
12.3
25.4
61.7

P value
< 0.0001
< 0.0001
< 0.0001

Interaction
Water vs sediment
Pa vs NPb

0.09
78.9
20.0

0.2462
< 0.0001
< 0.0001

Protozoa present
Protozoa absent
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Post-tests
Pa vs NPb
Water
P < 0.001
Sediment
P > 0.001
Pa vs NPb
Water
P < 0.001
Sediment
P < 0.001

10

log10 CFU/ 100 ml(g)

9
8
7
6
5
4
3
2
1
0
T0

T1

T2

T3

T5

T7

T9

T11

T13

T15

Time

Figure 7. Protozoa Absent: Mean E. coli concentrations in the water column (log10
CFU/100 ml) and sediments (log10 CFU/ 100 g, wet weight) over time in freshwater and
seawater mesocosms. Averaged data from 5 separate mesocosm treatments (run in true
triplicates), each containing a different E. coli strain. Columns represent sediment values,
while lines represent water column values: ( ) and (•) represent freshwater; ( ) and
(

) represent seawater values.
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Figure 8. Protozoa Present vs. Absent: Mean E. coli concentrations in the water column
(log10 CFU/100 ml) and sediments (log10 CFU/ 100 g, wet weight) over time in freshwater
mesocosms. Averaged data from five individual replicate mesocosms. Columns represent
sediment values, while lines represent water column values: ( ) and (•) protozoa
present; ( ) and (

) protozoa absent.
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Figure 9. Protozoa Present vs. Absent: Mean E. coli concentrations in the water column
(log10 CFU/100 ml) and sediments (log10 CFU/ 100 g, wet weight) over time in seawater
mesocosms. Averaged data from five individual replicate mesocosms. Columns represent
sediment values, while lines represent water column values: ( ) and (•) protozoa
present; ( ) and (

) protozoa absent.
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Figure 10. Comparison of the effects of protozoa presence/absence and freshwater vs seawater habitat on E. coli log10
reduction in (A) the water column (log10 CFU/100 ml) and (B) sediments (log10 CFU/100 g wet weight) of freshwater and
seawater mesocosms. Log10 reduction values calculated at T5 for five individual replicates. Protozoa present (P,

), protozoa

absent (NP, •). Different letters above columns denotes statistically significant difference of E. coli concentrations in the water
column (A) and sediments (B) between freshwater and seawater mesocosms and between the water column and sediments of
freshwater/ seawater mesocosms
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Figure 11. Comparison of the effects of protozoa presence and matrix characteristics on E. coli log10 reduction in freshwater
(A) and seawater (B) mesocosms. Water column (log10 CFU/100 ml) and sediment (log10 CFU/100 g, wet weight) reduction
values calculated at T5 for five individual replicates. Protozoa present (P,

), protozoa absent (NP, •). Different letters above

columns denotes statistically significant difference of E. coli concentrations in the water column (A) and sediments (B)
between freshwater and seawater mesocosms and between the freshwater and seawater mesocosms in the water
column/sediments
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Discussion
Quantification of FIB is used throughout the world to assess the microbiological
safety of drinking water, recreational waters and shellfishing waters. The U.S.
Environmental Protection Agency recommends the use of E. coli as an indicator
organism for the assessment of recreational water quality of ambient freshwater bodies
(United States Environmental Protection Agency, 1986; United States Environmental
Protection Agency, 2002b). While many questions have been raised about the validity of
FIB paradigm, the effects of environmental factors on survival is the most relevant to
issues discussed here.
The initial experiment in this study (July mesocosms) compared the persistence of
E. coli in the water column and sediments of freshwater and seawater mesocosms (in the
absence of protozoa) incubated outdoors and thus exposed to direct sunlight.
Surprisingly, in contrast to the previous studies that described a rapid decline of FIB due
to germicidal effects of sunlight (Davies-Colley et al., 1994; Davies-Colley et al., 1997;
Fujioka et al., 1981; Fujioka & Narikawa, 1982; Sinton et al., 2007; Sinton et al., 1999;
Sinton et al., 2002), we observed a very slow change in E. coli concentrations in
freshwater and seawater, and in both water column and sediments. It is important to note
that the main difference between our study conditions and the above mentioned works is
inclusion of sediments in the experimental design. The importance of sediments in
protecting E. coli from harmful influences exerted by biotic and abiotic environmental
parameters is well documented (Davies et al., 1995; Craig et al., 2004; Gerba & McLeod,
1976; Allen et al., 1953; Bonde, 1967; Shiaris et al., 1987; Beversdorf et al., 2007) and,
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coupled with the lack of protozoa, is likely the reason we observed such a slow decay rate
in the initial experiments.
Regardless of protozoan presence, comparisons of reduction in E. coli populations
between freshwater and seawater environments showed significantly greater persistence
in freshwater systems in both water column and sediments. This observation is consistent
with previous findings of a negative relationship between salinity and E. coli survival
(Anderson et al., 1979; Carlucci & Pramer, 1960; Gauthier et al., 1993; Lessard &
Sieburth, 1983; Rozen & Belkin, 2001; Evison, 1988; Anderson et al., 2005).
In the absence of protozoa, extended survival of E. coli was observed in both
freshwater and seawater sediments, compared to the water column. This pattern is
consistent with previous studies indicating sediments as a refuge and potential reservoir
of fecal indicator bacteria (Anderson et al., 2005; Buckley et al., 1998; Byappanahalli et
al., 2003; Craig et al., 2004; Davies et al., 1995; Fries et al., 2008; Gerba & McLeod,
1976; Hood & Ness, 1982; Ishii et al., 2007; Kinzelman et al., 2004; Pote et al., 2009). It
is noteworthy that this trend was even more significant in mesocosms incubated for
longer period of time (15 days), than during the first 9 days, which may be due to the
time required for the bacteria to become stressed under the outdoor mesocosm conditions
in the absence of protozoan predation. The same general trend of extended persistence in
the sediments compared to the water column was observed in the presence of protozoa in
both freshwater and saltwater mesocosms, indicating that bacterial attachment to
sediment particles may offer protection from predatory protozoa. Interestingly, in the
seawater mesocosms, the presence of sediments had more effect on the persistence of
culturable E. coli concentrations compared to the presence of protozoa, once again
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underlining the important role of sediments as a refuge. Maintenance of elevated FIB
concentrations in sediments is of practical importance and has public health implications,
as previous studies indicated potential for resuspension that can result in the increased
concentrations in the water column (Kinzelman et al., 2004; Boehm & Weisberg, 2005;
LaLiberte & Grimes, 1982; Ferguson et al., 2005; Craig et al., 2004; Fries et al., 2008;
An et al., 2002).
The simultaneous assessment of the effects of protozoan predation and seawater
habitat on E. coli persistence in the water column indicated that protozoan grazing is the
more important determinant of E. coli persistence compared to sewater vs. fresh water
habitats. Protozoan bacterivory is a recognized contributor to the decline of bacterial
populations in aquatic environments (Beardsley et al., 2003; Menon et al., 2003; Rhodes
& Kator, 1990; Iriberri et al., 1994; Gonzalez et al., 1992; Surbeck et al., 2010);
however, the relative magnitude of impact of protozoan presence on E. coli survival in
freshwater and seawater systems was not previously described. Understanding FIB
ecology in aquatic habitats is important, since current regulatory guidelines for the
assessment of the recreational water quality are based solely on the water samples
(American Public Health Association, 1999; Florida Administrative Code, 1998; United
States Environmental Protection Agency, 2002b; United States Environmental Protection
Agency, 2002a).
Interestingly, the same comparison of the effects of protozoa vs. water type
carried out in the sediments indicated that freshwater vs seawater habitat had a greater
effect on E. coli persistence than protozoa presence. Previous works documented
relatively low rates of protozoan grazing in sediments compared to the water column
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(First & Hollibaugh, 2008; Wieltschnig et al., 2008; Konigs & Cleven, 2007; Wieltschnig
et al., 2003; Gucker & Fischer, 2003; Hamels et al., 2001; Starink et al., 1996; Epstein &
Shiaris, 1992), but detrimental effects of marine environments on bacterial survival in the
sediments were rarely addressed. To the best of our knowledge, only one other study
performed direct comparisons of FIB survival in freshwater vs saltwater sediments and
showed extended persistence in the former (Anderson et al., 2005). However, the
description of the extent of impact of seawater habitat of E. coli persistence in the
sediments in the presence of indigenous microbiota is novel. This finding implies that
factors governing FIB persistence in different matrices (e.g. water column and sediments)
are dissimilar and that wide generalizations with the respect to the effect of
environmental parameters on E. coli survival across habitats are unwise.
The data collected in this study strongly indicate that protozoan predation is one
of the main factors responsible for the decline of culturable E. coli concentrations in the
water column; however the magnitude of the protozoan predation is dependent on habitat
characteristics (freshwater vs seawater). Furthermore, results of this study indicate that
differences between freshwater and seawater habitat are more important determinant of
decline of culturable E. coli in the sediments, and that protozoan predation in the
freshwater habitats is matrix-dependent (water column vs sediments)
Although utility of E. coli extends beyond the water quality issues, as it is a
recognized prokaryotic model organism, the principles governing its survival in the
environment are less than clear. Better understanding of the ecology of FIB in the aquatic
habitats is needed in order to improve predictions regarding their behavior in the
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environment and develop better indicator systems for the assessment of the recreational
water quality.
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Appendix A: Wakulla County - FIB concentrations and MST marker distributions by site
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Figure A1. Mean of indicator organism concentrations (log10-transformed) and esp
marker detection in the water column samples of MS site by sampling date (CFU/100
ml). Error bars represent standard deviations. Fecal coliforms concentrations ( ); E. coli
( ); enterococci ( ). Vertical lines represent regulatory guidelines for fecal coliforms
(x) (400 CFU/100 ml); enterococci (•) (104 CFU/100 ml); and fecal coliforms
shellfishing guidelines (•) (43 CFU/100 ml). Blue circles represent esp marker detection.
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Figure A2. Mean of indicator organism concentrations (log10-transformed) and esp
marker detection in sediment samples of MS site by sampling date (CFU/100 g wet
weight). Error bars represent standard deviations. Fecal coliforms ( ); E. coli ( );
enterococci ( ). Blue circles represent esp marker detection.
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Figure A3. Mean of indicator organism concentrations (log10-transformed) and esp
marker detection in the water column samples of BR site by sampling date (CFU/100
ml). Error bars represent standard deviations. Fecal coliforms ( ); E. coli ( );
enterococci ( ).Vertical lines represent regulatory guidelines for fecal coliforms (x)
(400 CFU/100 ml); enterococci (•) (104 CFU/100 ml); and fecal coliforms shellfishing
guidelines (•) (43 CFU/100 ml). Blue circles represent esp marker detection.
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Figure A4. Mean of indicator organism concentrations (log10-transformed) and esp
marker detection in sediment samples of BR site by sampling date (CFU/100 g wet
weight). Error bars represent standard deviations. Fecal coliforms concentrations ( ); E.
coli ( ); enterococci ( ).Blue circles represent esp marker detection.
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Figure A5. Mean of indicator organism concentrations (log10-transformed) and esp
marker detection in the water column samples of 319 site by sampling date (CFU/100
ml). Error bars represent standard deviations. Fecal coliforms concentrations ( ); E. coli
( ); enterococci ( ).Vertical lines represent regulatory guidelines for fecal coliforms (x)
(400 CFU/100 ml); enterococci (•) (104 CFU/100 ml); and fecal coliforms shellfishing
guidelines (•) (43 CFU/100 ml). Blue circles represent esp marker detection.
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Figure A6. Mean of indicator organism concentrations (log10-transformed) and esp
marker detection in sediment samples of 319 site by sampling date (CFU/100 g wet
weight). Error bars represent standard deviations. Fecal coliforms concentrations ( );
E. coli ( ); enterococci ( ). Blue circles represent esp marker detection.
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Appendix B: Hillsborough County- FIB concentrations, MST marker distribution and
pathogen detection by site
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Figure B1. Mean of indicator organism concentrations (log10-transformed), MST marker
and pathogen detection in the water column samples of BH site by sampling date
(CFU/100 ml). Error bars represent standard deviations. Fecal coliforms concentrations
( ); E. coli ( ); enterococci ( ).Vertical lines represent regulatory guidelines for fecal
coliforms (x) (400 CFU/100 ml); enterococci (•) (104 CFU/100 ml); and fecal coliforms
shellfishing guidelines (•) (43 CFU/100 ml). Blue circles represent esp marker detection,
and orange circles represent HPyV marker detection
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Figure B2. Mean of indicator organism concentrations (log10-transformed) and MST
marker detection in sediment samples of BH site by sampling date (CFU/100 g wet
weight). Error bars represent standard deviations. Fecal coliforms concentrations ( ); E.
coli ( ); enterococci ( ).Blue circles represent esp marker detection.
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Figure B3. Mean of indicator organism concentrations (log10-transformed), MST marker
and pathogen detection in the water column samples of BTD-1 site by sampling date
(CFU/100 ml). Error bars represent standard deviations. Fecal coliforms concentrations
( ); E. coli ( ); enterococci ( ).Vertical lines represent regulatory guidelines for fecal
coliforms (x) (400 CFU/100 ml); enterococci (•) (104 CFU/100 ml); and fecal coliforms
shellfishing guidelines (•) (43 CFU/100 ml). Blue circles represent esp marker
detection, orange circles represent HPyV marker detection, and red circles represent
enterovirus detection.
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Figure B4. Mean of indicator organism concentrations (log10-transformed) and MST
marker detection in sediment samples of BTD-1 site by sampling date (CFU/100 g wet
weight). Error bars represent standard deviations. Fecal coliforms concentrations ( ); E.
coli ( ); enterococci ( ).Blue circles represent esp marker detection.
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Date

Figure B5. Mean of indicator organism concentrations (log10-transformed), MST marker
and pathogens detection in the water column samples of BTD-2 site by sampling date
(CFU/100 ml). Error bars represent standard deviations. Fecal coliforms concentrations
( ); E. coli ( ); enterococci ( ). Vertical lines represent regulatory guidelines for fecal
coliforms (x) (400 CFU/100 ml); enterococci (•) (104 CFU/100 ml); and fecal coliforms
shellfishing guidelines (•) (43 CFU/100 ml). Blue circles represent esp marker detection.
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Figure B6. Mean of indicator organism concentrations (log10-transformed) and MST
marker detection in sediment samples of BTD-2 site by sampling date (CFU/100 g wet
weight). Error bars represent standard deviations. Fecal coliforms concentrations ( ); E.
coli ( ); enterococci ( ). Blue circles represent esp marker detection.
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Figure B7. Mean of indicator organism concentrations (log10-transformed), MST marker
and pathogen detection in the water column samples of BTD-3 site by sampling date
(CFU/100 ml). Error bars represent standard deviations. Fecal coliforms concentrations
( ); E. coli ( ); enterococci ( ).Vertical lines represent regulatory guidelines for fecal
coliforms (x) (400 CFU/100 ml); enterococci (•) (104 CFU/100 ml); and fecal coliforms
shellfishing guidelines (•) (43 CFU/100 ml). Blue circles represent esp marker detection
and orange circles represent HPyV marker detection.
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Figure B8. Mean of indicator organism concentrations (log10-transformed) and MST
marker detection in sediment samples of BTD-3 site by sampling date (CFU/100 g wet
weight). Error bars represent standard deviations. Fecal coliforms concentrations ( ); E.
coli ( ); enterococci ( ).Blue circles represent esp marker detection.
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Appendix B (Continued)

Date

Figure B9. Mean of indicator organism concentrations (log10-transformed) MST marker
and pathogen detection in the water column samples of BTD-4 site by sampling date
(CFU/100 ml). Error bars represent standard deviations. Fecal coliforms concentrations
( ); E. coli ( ); enterococci ( ).Vertical lines represent regulatory guidelines for fecal
coliforms (x) (400 CFU/100 ml); enterococci (•) (104 CFU/100 ml); and fecal coliforms
shellfishing guidelines (•) (43 CFU/100 ml). Blue circles represent esp marker detection
and orange circles represent HPyV marker detection.
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Figure B10. Mean of indicator organism concentrations (log10-transformed) and MST
marker detection in sediment samples of BTD-4 site by sampling date (CFU/100 g wet
weight). Error bars represent standard deviations. Fecal coliforms concentrations are
represented by striped bars ( ); E. coli concentrations are represented by dotted bars ( );
enterococci concentrations are represented by bars with diagonal lines ( ). Blue circles
represent esp marker detection.
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Appendix C
Appendix C: E. coli concentrations in water (log10 CFU/100 ml) and sediments (log10
CFU/100 g) of freshwater and seawater mesocosms by strain
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Figure C1: Mean concentrations (log10-transformed) for HS strain. Error
bars represent standard deviations for three replicates. Freshwater concentrations: water
column ( ), sediment ( ). Seawater concentrations: water column ( ), sediment ( ).
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Figure C2: Mean concentrations (log10-transformed) for SMS-35 strain. Error
bars represent standard deviations for three replicates. Freshwater concentrations: water
column ( ), sediment ( ). Seawater concentrations: water column ( ), sediment ( ).
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Figure C3. Mean concentrations (log10-transformed) for WW6 strain. Error
bars represent standard deviations for three replicates. Freshwater concentrations: water
column ( ), sediment ( ). Seawater concentrations: water column ( ), sediment ( ).
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Figure C4: Mean concentrations (log10-transformed) for ATCC 8739 strain. Error
bars represent standard deviations for three replicates. Freshwater concentrations: water
column ( ), sediment ( ). Seawater concentrations: water column ( ), sediment ( ).
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Figure C5: Mean concentrations (log10-transformed) for MG 1655 strain. Error
bars represent standard deviations for three replicates. Freshwater concentrations: water
column ( ), sediment ( ). Seawater concentrations: water column ( ), sediment ( ).
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